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Abstract 
 
Benzaldehyde lyase from Pseudomonas fluorescens Biovar I. (BAL, EC 4.1.2.38) is a 
versatile catalyst for the organic synthesis of chiral α-hydroxy ketones. To allow rapid and 
convenient activity assessment of BAL, a new, robust, and easy-to-handle activity assay based 
on direct spectrophotometry was developed. The carboligation of 2-furaldehyde into α-
hydroxyketone (R)-2,2’-furoin was used as a model reaction. The development of non-
conventional media such as supercritical fluids and organic solvents was investigated for BAL 
catalysed reactions. In view of the low solubility and stability of many substrates and products 
and the prospect of downstream processing, supercritical fluids were explored as alternative 
solvents in view of the residual stability, activity, and selectivity of the enzymes in such 
media. Water activity and enzyme preparation (pH of the lyophilisate) were the main 
influence parameters. Activity increased with increasing water activity, but stability 
decreased. Furthermore, non-carbon dioxide supercritical fluids such as fluoroform, ethane, 
and sulphur hexafluoride gave better results in view of stability, activity, and 
enantioselectivity. Furthermore, the use of the organic solvent 2-methyl tetrahydrofuran as a 
co-solvent increased the activity and stability of BAL. However, as a second phase in an 
aqueous-organic system, 2-methyl tetrahydrofuran caused rapid deactivation. Therefore, 
immobilised BAL (polyvinyl alcohol-entrapped BAL) was used for the two-phase system. 
The poor solubility of the product in n-hexane caused blockage and deactivation of BAL. n-­‐Hexane	  gave	  the	  highest	  productivity	  in	  both	  the	  batch	  and	  continuous	  systems,	  but	  only	  within	   the	   first	   hours	   of	   the	   reaction.	  Meanwhile,	   cyclopentyl methyl ether gave	   higher	  stability	  and	  better	  activity	  in	  terms	  of	  yield	  and	  long-­‐term	  productivity,	  relative	  to	  the	  use	   of	   n-­‐hexane	   as	   the	   solvent	   in	   batch	   operation. Finally,	   a	  mixture	   of	   n-­‐hexane	   and	  
cyclopentyl methyl ether	   successfully	   provided	   a	   good	   yield	   and	   productivity	   as	   a	  compromise	  between	  single	  solvents.	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1. Introduction 
 
1.1. Chiral α-hydroxy ketones 
 
Chiral α-hydroxy ketones are an important structural unit in many biologically active natural 
products and in the asymmetric synthesis of natural products. These chiral compounds are 
also important building blocks for the synthesis of pharmaceuticals and fine chemicals.[1] In 
the pharmaceutical industry, α-hydroxy ketones are used to produce compounds that can be 
used as stimulants, anti-depressants, fungicides, and anti-cancer drugs (Figure 1.1).  
 
 
        
 
 
 
 
 
 
 
Figure 1.1. α-Hydroxy ketones as building block for some pharmaceutical compounds 
 
Ephedrine is the most prominent commercially available pharmaceutical ingredient produced 
from a chiral α-hydroxy ketone, and is used in the treatment of asthma and bronchitis.[2] Some 
chiral α-hydroxy ketones such as (R)-1-(3-chlorophenyl)-2-hydroxy-propan-1-one and (R)-1-
(3,5-difluorophenyl)-2-hydroxypropan-1-one are important starting materials to produce 
bupropion and 1555U88 (used as anti-depression drugs), respectively.[1] Furthermore, 
Bupropion	  (anti-­‐depressant)	  
Olivomycin	  A	  (anti-­‐tumour	  antibiotic)	  
1555U88	  (anti-­‐depressant)	  Ephedrine	  (stimulant)	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olivomycin A and chromomycin A2 are used as anti-tumour or anti-cancer antibiotics. α-
Hydroxy ketones are also used to prepare fine chemicals such as amino alcohols and diols.[3]  
 
There are several way to synthesise chiral α-hydroxy ketones through chemical- or organo-
catalysis (Figure 1.2), for example by asymmetric condensation using chiral thiazolium 
salts,[4] asymmetric oxidation of 1,2-diols using n-bromosuccinimide in the presence of a 
chiral copper catalyst,[5] oxidative kinetic resolution of racemic benzoin using a chiral iron 
complex or a chiral cobalt catalyst[6], stereoselective reduction using sodium,[7] 
ketohydroxylation of olefins catalysed by RuO4,[8] and α-hydroxylation of ketones by organic-
inorganic Cu-piperazine hybrid polymers.[9] Biocatalysis offers an interesting alternative in 
view of selectivity and simple reaction steps which affect the isolated yield and create 
considerably  low waste.[3] 
 
         
 
 
      
 
 
 
 
 
 
 
Figure 1.2. Overview of chemical- and organo- catalysis for the synthesis of α-hydroxy ketones[3] 
 
Biocatalysis reactions to synthesise chiral α-hydroxy ketones (Figure 1.3) are possible by 
carboligation of aldehydes using thiamine diphosphate-dependent enzymes, such as 
benzaldehyde lyase (BAL), pyruvate decarboxylase, and benzoylformate decarboxylase, 
acyloin and benzoin condensation by aceto hydroxyl acid synthase and phenylpyruvate 
decarboxylase,[10] reduction of diketones by dehydrogenase and baker’s yeast,[11] oxidation of 
diols and reduction of diketones by alcohol dehydrogenase,[12] and deracemisation of racemic 
hydroxyl ketones by dehydrogenase or oxidase or kinetic resolution using lipase.[3]    
α-­‐hydroxylation	  
+	  
asymmetric	  condensation	   asymmetric	  oxidation	  
oxidative	  kinetic	  resolution	  ketohydroxylation	   stereoselective	  reduction	  
1. Introduction 
3 
 
 
 
      
 
 
 
 
 
 
 
Figure 1.3. Overview of biocatalysis for the synthesis of α-hydroxy ketones 
 
1.2. Biotransformation 
 
Biotransformation has been performed since 7000 B.C. for alcohol production from sugar 
fermentation.[13] Biotransformation can be defined as the use of natural catalysts such as 
isolated enzymes (subsequently referred to as “enzymes”) or whole cells to produce the 
desired compounds by opening alternate pathways for the reaction without being consumed or 
altered during the reaction. The use of whole cells can provide the system with efficient 
cofactor regeneration. However, whole cell systems are often limited by the occurrence of 
side reactions that result in low enantioselectivity and low volumetric yields.[3] Therefore, the 
use of enzymes in biocatalysis reactions is promising as enzymes offer high chemo-, stereo-, 
and enantio-selectivity, which is very important in the production of chiral α-hydroxy ketone. 
The use of enzymes is interesting in pharmaceutical products and fine chemicals.  
 
Other attractive use of biocatalysis, such as mild reaction conditions, is good from an 
operational economical view of point. These conditions minimise side reactions and prevent 
instability of the substrate and product, which occurs at high working temperatures, and also 
diminishes risks for the operator. Additionally, biocatalysis provides attractive point as the 
label “natural product” can be used in the case of food or cosmetic applications.[14] 
 
Furthermore, mild reaction conditions are needed as enzymes are limited in their process 
conditions to a very narrow range. Enzymes are proteins that are labile under harsh 
+	  
self-­‐condensation	   cross-­‐condensation	  
kinetic	  resolution	  
stereoselective	  reduction	  
+	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conditions. Elevated temperature, pH, and pressure lead to the deactivation of enzymes.[15] 
Another limitation of biocatalysis reactions in the aqueous phase, such as the poor solubility 
of compounds, can be solved by adding co-solvents, such as DMSO up to 30% v/v, PEG-400 
up to 15% v/v, isopropanol, and MTBE; however, these materials cause other issues for 
technical applications.[16] 
 
1.3. Benzaldehyde lyase 
 
Benzaldehyde lyase (BAL, EC 4.1.2.38) from Pseudomonas fluorescens Biovar I was first 
reported by Gonzáles and Vicuńa (1989).[17] It was isolated from pulp mill effluent 
(enrichment cultures contained the lignin model compound anisoin (4,4’-dimethoxybenzoin)) 
in which it was found that anisoin was converted into anisaldehyde (4-methoxy 
benzaldehyde). This activity was then confirmed as catalysed by benzaldehyde lyase.[17]  
 
BAL possesses a very broad substrate range from aromatic to aliphatic aldehydes. BAL is 
believed to need at least one aromatic aldehyde as a donor, while the acceptor can be aromatic 
or aliphatic.[18] In contrast to other ThDP-dependent enzymes, BAL is not only able to 
catalyse aromatic aldehydes substituted in the meta- and para- positions, but also in the ortho- 
position.[19, 20] BAL can also use symmetric and asymmetric acyloin as a substrate for 
cleavage reactions.[21] Therefore, BAL is a most interesting enzyme for synthetic use in the 
production of chiral α-hydroxy ketones. 
 
BAL is one of the thiamine diphosphate (ThDP) dependent enzymes, and belongs to the group 
of lyases that catalyse the cleavage and formation of C-C, C-N, C-O, C-P, and C-S bonds. 
BAL needs the co-factor ThDP and a divalent cation salt such as Mg2+ to keep the holo-
enzyme stable.[22] The optimum co-factor concentrations in potassium phosphate (KPi) buffer 
pH 7 are in the range of 0.1-5 mmol L-1 ThDP and 1-5 mmol L-1 MgSO4.[19] 
 
For synthetic applications, BAL has been expressed from a recombinant Escherichia coli 
strain and modified with six histidine-encoding triplets (pBAL-His6, hexahistidine-tagged 
BAL) to improve the expression yield and simplify the purification procedure.[19] The 
structure of BAL was reported by Moscbacher et al. (Figure 1.4). Native BAL is a 
homotetramer of 4 x 563 amino acid residues, corresponding to a molecular mass of 4 x 
58,919 Da or an overall size of approximately 250 kDa.[23] However, the molecular weight of 
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His-tag BAL has been reported as 59.8 kDa.[18] Each subunit of BAL binds to one ThDP 
molecule and one Mg2+ cation.[23] 
 
                      
Figure 1.4. Stereoribbon plot of BAL (a) homotetramer (b) one subunit (c) zoom-in image of one 
subunit which shows ThDP as a ball-and-stick model and Mg2+ as a sphere (figure taken from 
Moscbacher et al., 2005 without modification) 
 
There are some possible reactions catalysed by BAL (Figure 1.5). BAL was first found to 
have lyase activity, which allows the cleavage of a C-C bond from anisoin into anisaldehyde. 
Additionally, BAL is also capable of the reverse reaction that allows the formation of C-C 
bonds.[1] Due to being strictly (R)-enantioselective, BAL is applied in the kinetic resolution of 
racemic benzoin, yielding (R)-2-hydroxy-1-phenyl-propan-1-one ((R)-2-HPP), leaving (S)-
benzoin unreacted.  
 
 
 
 
 
 
 
 
  
(a)	   (b)	   ThDP	  Mg2+	  (c)	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(a) 
                                                           
 
 
(b) 
                     
 
 
(c) 
                                                
 
Figure 1.5. Some possible reactions catalysed by BAL (a) carboligation of aldehyde (b) 
enantioselective cleavage of (R)-hydroxy ketones (c) kinetic resolution 
 
 
1.4.  Mechanism of the benzaldehyde lyase catalysed reaction 
 
Thiamine diphosphate (ThDP), also called thiamine pyrophosphate, consists of a 
pyrophosphate part, a thiazolium core, and a pyrimidine unit (Figure 1.6 (a)).[10] Pyrimidine 
and thiazolium interact via hydrophobic and ionic interactions with the protein side chain, 
while the diphosphate part interacts with the protein through Mg2+. [19] 
 
Thiamine diphosphate induces umpolung or polarity inversion of the carbonyl group through 
deprotonation into an ylide, and then attacks the carbonyl group of the donor aldehyde (Figure 
1.6 (b)). The highly electrophilic nitrogen rearranges the electron, leading to the formation of 
a carbanion-enamine intermediate. The shifting of the negative charge from the alcoholate to 
the carbanion initiates this umpolung. The second aldehyde (acceptor aldehyde) is attacked by 
the nucleophile, forming another C-C bond for α-hydroxy ketones. The negative charge 
reshifts and acyloin is formed while the ylide is ready for further reaction.[7, 17] 
 
BAL	  
BAL	  
2	  
(R)-­‐hydroxy	  ketone	  aldehyde	  
+	  
(R)-­‐hydroxy	  ketone	   (R)-­‐2-­‐HPP	   aldehyde	  
BAL	   +	  
(Rac)-­‐hydroxy	  ketone	   (R)-­‐2-­‐HPP	   (S)-­‐hydroxy	  ketone	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Figure 1.6. (a) ThDP molecule and (b) the mechanism of the BAL catalysed reaction 
 
1.5.  Biocatalysis in non-conventional media 
 
Naturally, enzymes work in aqueous media, which are henceforth referred to as conventional 
media for biocatalysis reactions. However, water is a poor solvent for applications in organic 
chemistry.[24] Beneficially, it was discovered that enzymes not only work in aqueous media, 
but also in organic solvents. It is important to know that enzymes are surrounded by a 
lipophilic environment (e.g. the cell membrane) in parts of the cell. Therefore, the term non-
conventional media is used, which includes organic solvents, ionic liquids, gases, and 
supercritical fluids.[13]   
 
1.5.1. Water activity (aw) 
 
The activity of the enzyme is correlated to the amount of water bound to the protein and not to 
the amount of water in the bulk solvent. The bound water or hydration layer surrounding the 
enzyme is believed to affect the rigidity of the structure through hydrogen bond formation and 
van der Waals interactions; this prevents conformational changes that lead to enzyme 
deactivation.[25]  Moreover, water can affect enzyme activity by facilitating reagent 
diffusion.[15] 
 
Thiazolium	  core	  
Pyrophosphate	  part	  
Pyrimidine	  unit	  
(a)	  
ThDP	   ylide	   Carbanion	   enamine	  
(b)	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Water activity (aw) is the perfect term to define the amount of water needed for enzyme 
applications in a non-conventional media.[13] aw is calculated by the ratio of the partial 
pressure of water (Pw) to the partial pressure of water at saturation (Pwsat)[26] at the same 
temperature, or can also be formulated as the molar fraction of water in the aqueous fraction 
(Xw) multiplied by the activity coefficient of water (γw) (Equation 1.1). 
wwsat
w
w
w xP
Pa γ⋅==  
  Equation 1.1 
 
Specific aw can be obtained using two methods: a saturated salt solution and a solid-state 
hydrate. The first method involves equilibrating the enzyme, substrate, or solvent through the 
vapour phase above a saturated salt solution (Figure 1.7 (a)). Different saturated salt solutions 
with different water activity can be used (Table 1.1). 
 
 
 
 
 
 
 
 
Figure 1.7. Adjustment of  water activities by (a) equilibration with a saturated salt solution and (b) 
direct addition of salt hydrate[13] 
 
The second method is by the direct addition of salt hydrate (Figure 1.7 (b)) into the reaction 
mixture. Some salt hydrate that can be used are Na2CO3⋅10H2O, Na2HPO4 (2/10, 7/2, 12/7), 
Na2P2O7 (2/0, 7/0, 10/0), and NaAc (3/0).[13, 27-29]  The ratio number gives the hydration state 
or the number of water molecules of salt hydrates. For example, Na2HPO4 2/10 refers to a 
mixture of Na2HPO4⋅2H2O and Na2HPO4⋅10H2O. Although the direct addition of salt hydrates 
is more practical and quick, limitations are likely; for example, salt hydrates must not react 
with any other compounds in the reaction mixture, salt hydrates can melt with increased 
temperature, and the vapour pressure is slow to come to equilibrium.[13] 
 
 
 
Solvent,	  substrate,	  or	  enzyme	   Reaction	  mixture	  Undissolved	  salt	  Saturated	  salt	  solution	   Salt	  hydrate	  pairs	  
(a)	   (b)	  H2O	  
H2O	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Table 1.1. Water activity of saturated salt solutions with variable temperature[30] 
Salt 5oC 10oC 15oC 20oC 25oC 30oC 35oC 40oC 
Lithium chloride (LiCl) 0.16 0.14 0.13 0.12 0.11 0.11 0.11 0.11 
Potassium acetate (CH3CO2K) 0.25 0.24 0.24 0.23 0.23 0.23 0.23 0.23 
Magnesium chloride (MgCl2) 0.33 0.33 0.33 0.33 0.33 0.32 0.32 0.31 
Potassium carbonate (K2CO3)  0.47 0.45 0.44 0.43 0.42 0.41 0.40 
Magnesium nitrate (Mg(NO3)2) 0.54 0.53 0.53 0.52 0.52 0.52 0.51 0.51 
Sodium bromide (NaBr) 0.59 0.58 0.58 0.57 0.57 0.57 0.57 0.57 
Strontium chloride (SrCl2) 0.77 0.77 0.75 0.73 0.71 0.69 0.68 0.68 
Potassium bromide (KBr)  0.86 0.85 0.84 0.83 0.82 0.81 0.80 
Potassium nitrate (KNO3) 0.96 0.95 0.95 0.94 0.93 0.92 0.91 0.89 
Original value was in relative humidity (%) that was then modified into water activity (aw), only some examples 
of saturated salt solution are given. 
 
In addition to aw, enzyme activity in non-conventional media can also be affected by 
substrate, temperature, type of solvent/media, and pressure.[31]  
 
1.5.2. Organic solvents 
 
Biocatalysis in organic solvents is attractive as the reaction in organic solvents increase 
solubility of substrates and products, reduce unwanted side reactions caused by water, easier 
downstream processing, and in some cases can enhance the stability of the biocatalyst. The 
use of an organic solvent in biocatalysis was first reported in 1913 for the biosynthesis of 
alkyl glucosides catalysed by an extract from almonds.[13]  
 
A parameter that is often used to correlate the activity and/or stability behaviour of enzymes 
in organic solvents is log P (the logarithm of the partition coefficient of the solvent between 
octanol and water), which defines the hydrophobicity of the solvent. More hydrophobic 
solvents or solvents with a log P > 4 are considered biocompatible because they do not strip 
water from around the enzyme.[31] However, in a practical sense, there is no direct correlation 
between solvent hydrophobicity and polarity with enzyme activity and stability in organic 
media.[13] 
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Enzymes can work in pure organic solvents (note that aw is an important parameter); however, 
poor stability limits the use of enzymes in pure organic solvents. BAL was reported to 
completely deactivate immediately after contact with a pure water-miscible organic solvent, 
while it maintained some activity in a water-immiscible organic solvent. The half-life of BAL 
in pure MTBE and hexadecane is 2.1 h and 2.2 h, respectively.[32] Therefore, most 
biocatalysis carried out using organic solvents is applied in combination with aqueous media 
either as a co-solvent (one-phase system) or as a second phase (two-phase system). In a one-
phase system, the organic solvent is completely miscible in aqueous media. In a two-phase 
system, the organic solvent is separated from the aqueous media and an aqueous-organic 
interface is formed. In this case, the organic solvent acts as a substrate reservoir for in situ 
product extraction. However, many enzymes show deactivation at the phase boundary. The 
half-life of BAL has been reported to decrease from 5.6 h in a one-phase system to 0.6 h in a 
two-phase system with 2-octanone. Deactivation could occur due to the presence of the 
organic solvent (molecular toxicity) and/or the aqueous-organic interface (interfacial 
toxicity).[33] 
 
In a two-phase system, some organic solvents have been investigated for BAL stability. Some 
solvent screening (Table 1.2) has been performed and it has been reported that ether performs 
better in maintaining enzyme activity compared to other classes of solvent.[22, 34] 
 
Table 1.2. Storage stability of BAL in different aqueous-organic phase systems at 4oC[34] 
Solvent Log P Half-life (h) 
Ethyl acetate 0.7 12 
Diethyl ether 0.8 238 
Dichloromethane 1.0 1 
Chloroform 1.5 2 
Toluene 2.3 1 
Cyclohexane 2.7 8 
1-Octanol 3.0 62 
Heptane 3.3 6 
Isohexane 3.9 23 
 
Solvent Log P Half-life (h) 
THF (tetrahydrofuran) 0.4 1 
Diethyl ether 0.8 238 
MTBE (methyl tert-
butyl ether) 
1.0 815 
Diisopropyl ether 1.4 666 
Dibutyl ether 2.6 41 
 
 
Furthermore, some other ethers have been investigated, and it was found that substituted 
ethers, such as methyl tert-butyl ether (MTBE) and diisopropyl ether, showed the lowest 
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deactivation of BAL (Table 1.2), while other ethers, such as dibutyl ether and diethyl ether, 
resulted in high deactivation of BAL.[22] It was shown that the log P value is not correlated 
with BAL stability in two-phase aqueous-organic solvents. Enzyme stability is mainly 
affected by the chemical structure and functional groups of the solvent and also the absence of 
peroxide formation.[22] 
 
1.5.3. Supercritical fluids  
 
A supercritical fluid (SCF) is defined as “a compound mixture which is above its critical 
pressure (Pc) and critical temperature (Tc), but below the required pressure to solidify”.[35] 
When the pressure and temperature of the liquid and gas phase is increased (Figure 1.8), the 
phase separation between the liquid and gas disappears and becomes undistinguishable at the 
critical point (Pc and Tc).[35] SCF have properties in between those of gases and liquids, 
combining the solvation power of liquids and the mass transfer properties of gases.[36] 
 
SCF provide many attractive points in contrast to organic solvents or ionic liquids. SCF are 
tuneable solvents; the solvent power of SCF can be adjusted by tuning the pressure and/or 
temperature. Easy recycling of SCF and complete removal of SCF make for simple 
downstream processing.[37,38] SCF can be used as a medium to deliver the substrate to the 
active site, as an extractant to extract the product from the active site, and can also act as a 
reactant in many chemical reactions. For example, CO2 can act as a reagent in a CO2 fixation 
reaction.[35] 
 
 
Figure 1.8. Phase diagram[35] 
 
Some considerations of choosing an SCF in biocatalysis are: Pc, Tc, solubilising power, 
inertness, environmental impact, and cost. The most commonly used SCF is CO2 because it 
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has a low Pc and Tc, which are 7.4 MPa and 31oC, it is inert, safe (non-flammable, non-
volatile, relatively non-toxic), and readily available at low cost. Even though CO2 contributes 
to the greenhouse effect, its use has less of an environmental impact compared to organic 
solvents. Moreover, CO2 is obtained as a by-product of the use of fossile feedstocks in the 
emerging sectors.[35] 
 
SCF have been used as solvents for biocatalysis reactions since the mid-1980s. Some early 
studies on the use of SCF in biocatalysis showed that supercritical carbon dioxide (SCCO2) 
can be used for hydrolysis reactions using alkaline phosphatase,[39]  interesterification and 
hydrolysis reactions using lipase,[40] while SCCO2 and SCCHF3 (supercritical fluoroform) 
have been used for oxidation reactions using polyphenol oxidase.[41] SCF are reported to lead 
to no or little deactivation of enzymes.  
 
Some parameters that can affect the activity, selectivity, and stability of enzymes in SCF 
media are, for example, aw, temperature, pressure, and the type of SCF. As discussed in 
Chapter 1.5, a certain aw is needed to maintain the activity, selectivity, and stability of 
enzymes. It is important to note when using CO2 in the presence of water, either bound water 
or bulk water, that CO2 and water can form carbonic acid (H2CO3), which can decrease the 
pH of the system to pH 3.[42] Most enzymes cannot tolerate extremely low pH and will 
deactivate. One way to avoid this effect is by buffering the system. Using an enzyme in 
lyophilisate form can also be beneficial in this system. Enzymes have a pH memory effect, 
where in a water-free system the enzyme is affected by the pH of the aqueous solution before 
the enzyme is lyophilised.[32, 43-45] Therefore, the pH of an enzyme can be adjusted before 
lyophilisation by using a desired pH. Another consideration of using SCCO2 is that CO2 can 
react with free amino groups on the surface of the enzyme to form carbamate (Figure 
1.9).[46,47] Due to carbamate formation, the conformation of the enzyme can change and, in the 
end, reduced activity or deactivation of enzyme can occur.[48] 
 
 
Figure 1.9. Carbamate formation by the reaction of CO2 with free amino groups 
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SCF are compressible; therefore, by changing the pressure and temperature, the physical 
properties of the SCF will change. A small change in pressure can induce large changes in 
density. For example, an increase in CO2 pressure from 9 to 10 MPa at 50oC results in an 
increase in density from 6.48 to 8.73 mol L-1 (Figure 1.10).[49] A change in pressure can 
increase the activity of the enzyme due to increased substrate solubility. On the other hand, 
increasing the pressure can decrease the activity due to the dilution effect of substrates on a 
molar fraction basis or due to more water being stripped away from the enzyme.[15, 50]  
 
 
Figure 1.10. Pressure-density profile of carbon dioxide[49] 
 
Changes in pressure have no significant effect on enzyme stability;[51] however, repeated 
pressurisation/depressurisation steps can cause enzyme deactivation.[52] It has been reported 
that deactivation induced by pressure takes place when the pressure exceeds 150 MPa.[15] 
During pressurisation, the SCF entering enzyme through diffusion, which is normally slow. 
During slow depressurisation, the SCF has enough time to leave the enzyme and the bulk, 
which has no effect on the enzyme. However, when depressurisation too fast, the fluid cannot 
leave the enzyme quickly enough, which then causes a high pressure difference between the 
pressure in the enzyme and that in the bulk. This phenomenon can lead to unfolding of the 
enzyme and therefore enzyme deactivation. The absence of cysteine in an enzyme (so the 
tertiary structure is not stabilised by S-S bridges) has been associated with less stability during 
depressurisation compared to enzymes containing cysteine.[15, 53] 
 
Temperature has a more severe effect than pressure. By increasing the temperature, the 
reaction rate increases. Higher temperatures can reduce viscosity, increase the solvent power, 
and lower mass transfer limitations,. However, by further increasing the temperature, partial 
unfolding or covalent alterations which lead to deactivation can occur. Most proteins 
deactivate at temperatures above 60oC.[15, 54, 55] Temperature is also reported to have an effect 
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on the selectivity of the enzyme. The selectivity of lipase using SCCO2 has been reported to 
decrease with an increase in temperature from 35 to 45oC at 8 and 9 MPa.[56] 
 
The type of SCF can also affect enzyme activity, stability, and selectivity. Some SCF that can 
be used for biocatalysis within the temperature requirements are carbon dioxide (CO2), ethane 
(C2H6), ethene (C2H4), propane (C3H8), trifluoromethane or fluoroform (CHF3), and sulphur 
hexafluoride (SF6) (Table 1.3).  
 
Table 1.3. Properties of some supercritical fluids[49, 57] 
SCF Pc (MPa) Tc (oC) ρ  (g mol-1) at 8 MPa, 50oC 
Carbon dioxide  (CO2) 7.4 31 0.22 
Ethane (C2H6) 4.9 32 0.28 
Ethene (C2H4) 5.0 9 0.15 
Propane (C3H8) 4.2 97 0.48 
Fluoroform (CHF3) 4.8 26 0.56 
Sulphur hexafluoride (SF6) 3.8 46 1.29 
 
As mentioned earlier, CO2 can change the pH in the presence of water. C2H6 has a similar Pc 
and Tc as CO2; however, it is not acidic and cannot change the pH of the system. CHF3 has 
been used in refrigeration systems, although it can act as a narcotic gas at high concentrations. 
SF6 has the highest density compared to CO2, C2H6, and CHF3.  
 
Many biocatalysis reactions in SCF and the effects of SCF in biocatalysis have been 
investigated. However, most of the enzymes used are from the class of hydrolases and 
oxidoreductases.  
 
1.6.  Immobilisation 
 
Many enzyme applications in aqueous and non-conventional media are still limited due to 
poor stability, limited use of substrate concentrations, and the inability to recycle the enzyme. 
Enzyme stabilisation has been achieved, for instance, by immobilisation to solid matrices, 
crystallisation, aggregation, chemical modification, mutagenesis, and by recombination of 
enzymes.[14] However, stabilisation is limited to particular enzymes due to structure-defined 
interactions and specific effects of amino acid exchange.[58] 
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Some immobilisation methods, such as adsorptive binding and entrapment, have been 
developed for BAL. Adsorption of BAL onto Ni-NTA[59] (nickel-nitrilotriacetic acid) has 
been widely used as a purification mechanism for BAL. BAL is a His6-tag protein, which can 
bind to the Ni-NTA column. In addition to Ni2+, other metal cations such as Co2+ can also be 
used.[60] 
 
In the case of BAL adsorption onto an Ni-NTA column, BAL is retained on the column and 
reactions are performed (Figure 1.11 (a)). Batch and continuous plug flow reactors have been 
used for over 140 h with an STY (space-time yield) of 102 g L-1 d-1.[59] Meanwhile, 
superparamagnetic solid supports (Co2+ charged γ-Fe2O3-silica nanocomposite and Co2+-NTA 
TALON resin) have been used to immobilise BAL (Figure 1.11 (b)). It was found that for an 
equal amount of protein, the activity of immobilised BAL was comparable to the free enzyme. 
Moreover, the activity remained constant over at least five repetitions.[60] Even though the 
abovementioned immobilisation methods work for BAL, the stability of BAL for long-term 
operation has still not been explored.  
 
 
Figure 1.11. BAL immobilisation on (a) Ni-NTA (b) Co2+ charged γ-Fe2O3-silica nanocomposite[59,60] 
 
Another promising method for enzyme immobilisation is by the entrapment of the enzyme in 
a small solidified aqueous compartment (beads) surrounded by a non-miscible organic solvent 
(Figure 1.12). In this method, the enzyme can be protected from the aqueous-organic solvent 
interface; while the organic solvent delivers the substrate into the beads, at the same time it 
extracts the product from the beads.[58] 
(a) 
 
 
(b) 
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Figure 1.12. Entrapped BAL in a two-phase aqueous-organic solvent[58] 
 
The polymer used to entrap the enzyme has a strong influence on the stability of the enzyme 
in terms of resistance to the organic solvent, compounds in the reaction mixture, and 
mechanical forces. Polymers from natural sources, such as alginate, carrageenan, and gellan 
can entrap enzyme with high residual activity under very mild conditions. However, the 
mechanical strength of these polymers is very low, which is not good for long-term operation. 
On the other hand, synthetic polymers such as acrylate derivatives provide excellent 
mechanical resistance, but cause considerable enzyme deactivation during entrapment.[58] 
 
A mixture of polyvinyl alcohol (PVA) with a degree of polymerisation of 1400 (10% w/v) 
and polyethylene glycol 1000 (PEG 1000, 10% w/v) was found to form elastic gels under 
mild conditions with the yield of entrapment (recovery of protein) above 99%. PVA is 
biocompatible and PEG might act as a cryoprotectant. The beads have a size between 2.2 and 
4 mm in diameter and an average density of 1.52 g mL-1. By visual observation, organic 
solvents have no obvious effects on the integrity of beads. However, a dry solvent could strip 
away the water from the beads and cause shrinking. Using dibutyl ether and hexane as the 
solvents, almost no effects on gel size and weight were observed. On the contrary, isopropyl 
ether and isopropanol cause severe decreases in gel size and the weight of beads. 
Additionally, c-hexane, n-heptane, diethyl ether, and MTBE maintain the weight of beads 
above 80% of the initial weight. Water stripping by a dry solvent can be avoided by using a 
water-saturated solvent.[61] PVA-entrapped BAL has been reported to have greater stability in 
a two-phase system compared to BAL without a PVA-stabilised system. The storage half-life 
of BAL can be increased from a few minutes to 103 h at 20oC.[62] 
 
 
 
Organic	  solvent	   Polymer	  
1. Introduction 
17 
1.7.  Motivation and aims 
 
Benzaldehyde lyase (BAL, EC 4.1.2.38) from Pseudomonas fluorescens Biovar I is a very 
versatile enzyme for the synthesis of chiral α-hydroxy ketones. BAL catalyses both the 
acyloin cleavage and carboligation reactions and also the racemic resolution of acyloin. 
Moreover, BAL accepts a broad substrate range and has outstanding stereoselectivity. This 
study investigate the use of BAL in non-conventional media especially in supercritical fluids 
and organic solvents. Dissolved, lyophilised and immobilised BAL are used as biocatalyst and 
the model reaction is the carboligation of 2-furaldehyde into (R)-2,2’-furoin or (R)-2,2’-
di(furan-2-yl)-2-hydroxyethanone (Figure 1.13). 
 
 
 
 
Figure 1.13. Model reaction for carboligation of 2-furaldehyde into (R)-2,2’-furoin 
 
Several methods for BAL activity assays have been established. The most prominent assays 
employ chromatography methods (HPLC, GC, GC-MS);[19] however, these assays are not 
ideal for routine analysis as they are material- and time-consuming. Another method employs 
spectrophotometry, which is ideal for routine analysis. However, due to similar peak maxima 
of the substrate and product, direct measurement of peak maxima can lead to some corrections 
that need to be taken into account. Alternatively, the measurement of indirect activity can be 
done by reacting the product further into another compound, then following the activity of the 
second reaction.[19] The second reaction can add error to the activity measurement, rendering 
the assay impractical. Therefore, the first aim of this research was to develop a new, direct, 
and simple assay for measuring the activity of BAL (Chapter 2).  
 
Most research on BAL is carried out in conventional media using an aqueous phase with the 
addition of a co-solvent. Due to the poor solubility of the substrate and product in aqueous 
media, alternative non-conventional media such as organic solvents, ionic liquids, gases, and 
supercritical media could be promising. The use of BAL in a pure organic solvent is not 
promising as the half-life in pure organic solvents is very short, i.e. around 2 h in MTBE and 
BAL	  ThDP,	  Mg2+	  2	  
2-­‐Furaldehyde	   (R)-­‐2,2’-­‐Furoin	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hexadecane and less than one minute in DMSO, ethanol, isopropanol, and acetone.[32] 
Moreover, a two-phase system using an aqueous-organic solvent is also not promising as 
BAL is deactivated at the interfacial area. BAL catalysed propioin synthesis has been used in 
the gas phase; however the activity was quite low at 0.47 U mg-1.[26] Supercritical fluids (SCF) 
may be promising media for BAL-catalysed reactions, but there has been no research carried 
out on BAL in SCF as of yet. Therefore, the second aim of this research was to explore the 
use of BAL in non-conventional media, specifically in SCF (Chapter 3). The activity, 
stability, and selectivity of BAL in SCF were investigated with some varied parameters such 
as pH, temperature, water activity (aw), and the type of SCF.  
 
Due to the poor solubility of the substrate and product in aqueous media and the limited 
stability of the enzyme in non-conventional media, some stabilisation for BAL is needed, for 
example by immobilisation, chemical modification, or mutagenesis. The most promising 
immobilisation method for BAL is by entrapment in polyvinyl-alcohol (PVA) beads.[62] PVA-
entrapped BAL using hexane as the second phase shows comparable activity and increased 
stability in organic solvents compared to dissolved BAL. However, the application of PVA-
entrapped BAL is still limited due to the poor solubility of the product in hexane. The 
crystallisation of the product in the beads causes clogging and deactivates the BAL. 
Therefore, the third aim of this research was to find an alternative solvent and reactive system 
for PVA-entrapped BAL (Chapter 4). The activity, stability, and selectivity of PVA-entrapped 
BAL were investigated in several alternative solvents. 
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2. Development of a new assay for benzaldehyde lyase activity 
 
Part of this chapter has been published in: 
Natalia, D., Kohlmann, C., Ansorge-Schumacher, M.B., Greiner, L., 2011, Direct 
Spectrophotometric Assay for Benzaldehyde Lyase Activity, Biotechnology Research 
International, Sage-Hindawi, Vol. 2011, Article ID 478925, 4 pages, 
doi:10.4061/2011/478925.[63] 
 
2.1. Introduction 
 
According to its synthetic importance and prospective applications, several methods for the 
determination of BAL activity have been reported. The most prominent is the quantification 
of reaction mixtures by high pressure liquid chromatography (HPLC) or a combination of gas 
chromatography and mass spectroscopy (GC-MS).[19] However, these methods are material- 
and time-consuming in terms of sample preparation and the performance of measurements, 
and are therefore not applicable to the monitoring of fast reaction courses or large sample 
batches. For these purposes, the establishment of spectrometric methods is highly desirable. 
 
In fact, the BAL-catalysed carboligation of benzaldehyde into benzoin has been determined 
through spectrophotometry at a wavelength of 250 nm. However, both benzaldehyde and 
benzoin revealed a considerable absorption at this wavelength, resulting in an overlap for 
which a correction had to be carried out.[17] The same applies for the spectrophotometric 
determination of the condensation of furaldehyde into furoin at a wavelength of 277 nm.  
 
Alternatively, a coupled enzyme system with successive reduction of the cleavage product by 
horse liver alcohol dehydrogenase (EC 1.1.1.1.) was used for the cleavage reaction of α-
hydroxy ketones into aldehydes. Here, the specific absorption of NADH was measured at a 
wavelength of 340 nm.[19] However, even with addition of co-solvents such as DMSO or 
PEG, the application of this method was strongly limited by the poor solubility of the 
substrates, such as benzoin.[64] In addition, the coupling of a second reaction added to the 
error in the activity determination. 
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Fluorescence spectroscopy at an excitation wavelength of 360 nm and an emission 
wavelength of 470 nm was used for the investigation of the carboligation of 3,5-
dimethylbenzaldehyde into 3,3’,5,5’-tetramethoxybenzoin.[65] However, the linear range of 
this assay strongly depends on the pathway of the excitation light.[66] Furthermore, the method 
is restricted to this substrate-product pair, suffering from the same limited solubility as 
benzoin (see below). Generally, fluorescence spectroscopy is more difficult to handle and is 
not widely available. 
 
To overcome the limitations imposed by the established assays, we explored another 
possibility for the direct monitoring of (R)-2,2’-furoin formation from 2-furaldehyde (Scheme 
2.1). This would overcome the limitations of solubility as the maximum solubility of 2-
furaldehyde in water (860 mmol L-1) is orders of magnitude higher than that of benzoin or 
benzaldehyde (60 mmol L-1).[67, 68] Thus, addition of co-solvents, which is known to interfere 
with activity, is not required.[69, 70] 
 
 
 
Figure 2.1. Carboligation of 2-furaldehyde [CAS 98-01-1] into furoin [(R)-2,2’-furoin, or (R)-1,2-
di(furan-2-yl)-2-hydroxykethone, CAS 92921-36-3] 
 
2.2. Materials and methods 
 
2.2.1. Materials 
 
2-Furaldehyde (CAS 98-01-1), furoin ((R) 1,2-di(furan-2-yl)-2-hydroxykethone, CAS 92921-
36-3), and thiamine pyrophosphate (ThDP, CAS 154-87-0) were obtained from Sigma 
Aldrich. 2-Furaldehyde was distilled and stored under an argon atmosphere. Furoin was used 
without further purification. The solutions of furoin in water and the buffer were obtained 
after filtration using a polyamide filter with a pore size of 0.45 µm (Macherey & Nagel, 
Germany). 
BAL	  ThDP,	  Mg2+	  2	  
2-­‐Furaldehyde	   (R)-­‐2,2’-­‐Furoin	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2.2.2. Enzyme preparation 
 
Cells of E. coli SG13009/BALHis containing the overexpressed enzyme were kindly provided 
by Martina Pohl (Institute of Biotechnology 2, Research Centre Jülich, Germany). The cells 
were disrupted and BAL was purified via immobilized metal ion chromatography (Ni-NTA 
column) as described in the literature.[19, 64] Purified BAL was lyophilised and stored at -20oC 
until further use. 
 
2.2.3. Protein determination 
 
The protein content was determined using the Bradford reagent procedure (Sigma Aldrich). 
The calibration curve was prepared using bovine serum albumin (BSA, Sigma Aldrich) as a 
standard protein. The absorbance was assessed for different concentrations of BSA at 595 nm. 
The protein content of the BAL was measured by dissolving the lyophilisate in the same 
buffer as used for BSA, potassium phosphate (KPi) 50 mmol L-1 pH 8 containing 2.5 mmol L-
1 MgSO4 and 0.25 mmol L-1 ThDP. The protein content of BAL in the solution was calculated 
from the measured absorbance and corrected using the calibration curve. 
 
2.2.4. Activity assay 
 
KPi buffer at a concentration of 50 mmol L-1 and pH 8 containing 2.5 mmol L-1 MgSO4 and 
0.25 mmol L-1 ThDP was used as the buffer. The initial rate measurements were carried out in 
96-well microtitre plates. Typically, 5 mmol L-1 of substrate was reacted with 20 µL of BAL 
at 30oC for 2.3 min, with the absorbance measured every 7 seconds (Power Wave HT, BioTek 
Instruments). The slope obtained by following the absorbance over time was calculated based 
on the Lambert-Beers Law (Equation 2.1) to determine the initial activity. All measurements 
were carried out in triplicate, and the standard deviation is given as the error. One unit of 
activity was defined as the amount of enzyme that catalyses the formation of one µmol of 
furoin per min at 30oC and pH 8 (Equation 2.1): 
 
A = c x d x ε                  Equation 2.1 
where A is the absorbance, c is the concentration, d is the thickness, and ε is the extinction 
coefficient. The activity was measured as the change of concentration over time (dC/dt), 
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which can be followed by the absorbance measurement over time. Therefore, the activity can 
be calculated using Equation 2.2: 
 
Activity =
dC
dt
=
dA
dt
⋅
1
ε ⋅d
                Equation 2.2 
where dA is the change of absorbance and dt is the change of time. The activity of BAL and 
the substrate concentration were plotted based on the Michaelis-Menten equation (Equation 
2.3): 
 
v
o
=
v
max
⋅S
K
M
+ S
                  Equation 2.3 
where vmax is the maximum specific reaction rate, S is the substrate concentration, and KM is 
the Michaelis-Menten constant. 
 
2.2.5. Stability assay 
 
Stability assays were performed by measuring the activity of BAL over time. The decrease in 
activity of BAL was assumed to occur with first order kinetics, in which the half-life (t½) of 
BAL could be calculated based on Equations 2.4 and 2.5: 
 
at = ao exp (-kd t)                 Equation 2.4 
t
1/2
=
ln(2)
k
deact
                  Equation 2.5 
where at is the activity at time t, ao is the initial activity, kdeact is the deactivation constant, t is 
the time, and t½ is the half-life of enzyme. 
 
2.3. Results and discussion 
 
2.3.1. Development of the new assay 
 
The analysis of the components in the reaction mixture showed that all absorption maxima 
overlapped considerably (Figure 2.2). The absorbance at 320 nm was chosen as the best 
compromise between sensitivity and interference. At 320 nm, the extinction coefficient for 2-
furaldehyde was more than one magnitude lower than that of furoin (Figure 2.3). Moreover, 
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with increasing wavelength, a linear decrease in furoin absorption was observed with almost 
no absorbance above 360 nm.  
 
 
Figure 2.2. Spectra of the substrate (♦ 2-Furaldehyde 0.7 mmol L-1), the product (□ Furoin 0.33 mmol 
L-1), buffer with ThDP (▲ 0.25 mmol L-1), and only ThDP (○ 0.25 mmol L-1 in water) 
 
For comparison, the absorption at 278 nm as the peak maxima for both furoin and 2-
furaldehyde were determined. At 278 nm, poor sensitivity was obtained because the 
absorbance was similar for both 2-furaldehyde and furoin (Figure 2.3). Furthermore, a linear 
response was obtained only for concentrations below 0.3 mmol L-1. Meanwhile, a high 
sensitivity could be obtained at 320 nm, at which the absorption of 2-furaldehyde depends 
linearly on the concentration up to 50 mmol L-1 (Figure 2.3. (b) insert).  
 
         
Figure 2.3. The absorbance of 2-furaldehyde (♦) and furoin (□) at (a) 278 nm and (b) 320 nm. Insert is 
the absorbance of 2-furaldehyde at 320 nm with a concentration range 0-50 mmol L-1 
The linear sensitivity for furoin was up to 1 mmol L-1 at 320 nm and 0.5 mmol L-1 at 278 nm. 
The extinction coefficient for 2-furaldehyde at 320 nm (0.06 L mmol-1 cm-1) was much lower 
compared to furoin (1.67 L mmol-1 cm-1); therefore, the contribution of 2-furaldehyde to the 
change of absorption for the initial rate measurements can be neglected. 
(a)	   (b)	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Additionally, ThDP, the cofactor needed by thiamine-dependent enzymes, was found to 
interfere with the absorbance measurements at 278 nm (Figure 2.4). Changes in the ThDP 
concentration at 278 nm significantly affected the absorbance, while at 320 nm the 
absorbance did not change significantly with the ThDP concentration.  
 
 
Figure 2.4. Interference of ThDP absorbance at 278 nm (♦) and 320 nm (□) 
 
The activity assay for the measurement of absorbance at 320 nm increased the concentration 
range up to 40 mmol L-1 (Figure 2.5), whereas the measurement of absorbance at 278 was not 
possible above 0.3 mmol L-1 due to the detection limit of UV absorption.  
 
         
Figure 2.5. Activity of BAL as a function of concentration monitored in the accessible concentration 
range at (a) 278 nm and (b) 320 nm 
 
The activity as a function of the substrate concentration for measurements at 320 nm can be 
described using a hyperbolic Michaelis-Menten type equation with a vmax of 11.75 ± 0.40 U 
mg-1 and a KM of 11.0 ± 1.0 mmol L-1. 
 
  
(a)	   (b)	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2.3.2.  Characterisation of benzaldehyde lyase 
 
Enzymes exhibit significant dependency towards the reaction conditions, for example, 
substrate concentration, product concentration, buffer (type, concentration, and pH), 
temperature, and pressure. Therefore, activity and stability assays were performed to 
determine the optimised working conditions for a BAL catalysed reaction. 
 
The effects of the substrate and the product on the activity of BAL were investigated by 
varying the concentration of the substrate and the product in the reaction mixture. The relative 
activity of BAL in relation to substrate variation was calculated based on vmax, while the 
relative activity of BAL in relation to product variation was calculated based on the activity in 
the absence of the product. Initially, by increasing the concentration of the substrate, the 
activity increased (Figure 2.6 (a)). However, after the optimum concentration was reached, a 
further increase in the substrate concentration led to a decrease in activity, which was caused 
by substrate inhibition. On the other hand, an increase in the product concentration in the 
reaction mixture led to a decrease in activity (Figure 2.6 (b)). BAL was found to undergo 
deactivation both by the substrate and the product.  
 
         
Figure 2.6. Activity profile of BAL with variation in (a) the substrate concentration (in KPi buffer, 50 
mmol L-1 pH 8 containing 2.5 mmol L-1 MgSO4 and 0.25 mmol L-1 ThDP) and (b) the product 
concentration (5 mmol L-1 2-furadehyde in KPi buffer, 50 mmol L-1 pH 8 containing 2.5 mmol L-1 
MgSO4 and 0.25 mmol L-1 ThDP) 
 
The activity of BAL was also affected by the ionic strength or concentration of the buffer. In 
pure water (without pH adjustment), almost no activity was observed for BAL, but with an 
increase in the buffer concentration from 12.5 to 50 mmol L-1, the activity of BAL increased 
(a)	   (b)	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slightly. However, BAL activity was decreased with a further increase in the buffer 
concentration (Figure 2.7). 
 
 
Figure 2.7. Activity of BAL in different concentrations of KPi buffer pH 8 at 30oC 
 
Furthermore, the pH of the buffer strongly affected the activity of BAL (Figure 2.8 (a)). With 
an increase of pH from 7 to 8, the activity drastically increased. Meanwhile, BAL showed 
similar activity with a buffer pH from 8 to 9. Almost no activity was observed for BAL at pH 
6 and lower, which means that BAL was deactivated at low pH.  
 
Stability was investigated by following the residual activity after storage over time. In the 
beginning of the stability assay, the activity in some cases slightly increased by about 5-15%, 
which might have been due to equilibration between the enzyme and the storage solution.[71] 
Subsequently, the activity decreased logarithmically over time, in which the deactivation 
kinetics were assumed to be first order. The stability can be represented as the deactivation 
constant (kdeac) and half-life (t½). 
 
The stability of BAL with the buffer at pH 7 was high, both using Tris and KPi buffers 
(Figure 2.8 (b)). However, pH 8 was preferred due to higher activity and acceptable half-life, 
which was 24.5 h. In agreement with the literature, the optimum pH for BAL catalysed 
carboligation of (R)-2,2’-furoin was pH 8.[19] 
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Figure 2.8. (a) Activity and (b) half-life of BAL at different buffer pH, 50 mmol L-1 at 30oC; (♦) KPi 
buffer and (□) Tris buffer 
 
Furthermore, the effect of reaction temperature shows that an increase in temperature 
increased the activity of BAL in the temperature range of 20-50oC (Figure 2.9 (a)). It is well-
known that and increase in temperature increases the rate of a reaction,[14] which also means 
an increase in activity. However, a further increase in temperature could possibly reduce 
activity due to thermal deactivation. 
 
The stability of BAL showed an opposite effect in terms of activity. With an increase in 
temperature, the stability decreased (Figure 2.9 (b). At 50oC, the half-life of BAL was only 
2.4 minutes. A similar correlation between temperature and the stability of BAL was reported 
previously.[19, 71] One explanation for this thermal inactivation is related to the weakening of 
intermolecular forces, which are important for maintaining the active conformation of the 
enzyme.[14] Thermal stability due to the weakening of cofactor binding has been found to 
correlate with the cofactor concentration.[19] 
 
          
Figure 2.9. (a) Activity and (b) stability of BAL in KPi buffer, 50 mmol L-1 pH 8 at different 
temperatures 
 
(a)	   (b)	  
(a)	   (b)	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2.4. Summary 
 
The new activity assay based on UV spectrometry is developed to allow a rapid measurement 
compared to chromatography and mass spectrospocy based method. It allows for direct 
measurement of activity and working with relatively high concentrations of aldehyde, thereby 
minimising experimental error. Furthermore, choosing a wavelength outside the absorption 
maxima minimises interference with other assay components. This robust and sensitive assay 
was used to characterize the activity and stability of BAL and it was shown that BAL was 
deactivated by substrate and product inhibition. The activity and stability of BAL was 
dependent on the reaction conditions, such that the highest activities were found at pH 8-9 and 
at a temperature of 50oC (the highest temperature observed). Meanwhile, the greatest stability 
was found at pH 7 and 30oC (the lowest temperature observed). As a compromise between 
high activity and high stability, the optimal reaction conditions were found with KPi buffer at 
50 mmol L-1. 
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3. Performance of benzaldehyde lyase in supercritical fluids 
 
Part of this chapter has been accepted for publication in: 
Natalia, D., Greiner, L., Leitner, W., and Ansorge-Schumacher, M.B., 2012, Stability, 
Activity, and Selectivity of Benzaldehyde Lyase in Supercritical Fluids, The Journal of 
Supercritical Fluids, 62, 173-177.[72] 
 
3.1. Introduction 
 
The poor solubility of substrates limits reactions using BAL in a pure aqueous phase. To 
increase the availability of substrates for BAL catalysed reactions, the use of one-phase and 
two-phase systems is suggested. In a one-phase system, a water-miscible solvent such as 
DMSO up to 30% v/v, PEG-400 15% v/v, and some alkanoles such as propanol, tert-butanol, 
isobutanol, and 2-methyl tetrahydrofuran have been used as co-solvents.[1, 26, 60, 70, 73-75] In a 
two-phase system, the water-immiscible solvent forms a second phase that can act as a 
substrate reservoir and allow product extraction. Additionally, two-phase systems offer 
advantages in terms of integrated downstream processing and shifting equilibrium position.[76] 
However, two-phase systems using an organic solvent as the second phase cause rapid 
deactivation of BAL.[33, 77] The storage stability of BAL ranges from 0.2 h in water-toluene up 
to 14.9 h in water-tert-butyl methyl ether, which are in the range of aqueous one-phase 
systems with a half-life of 82 h. The half-life can be increased by covalent modification of 
BAL to 0.5 h with mPEG750 and to 3.4 h with mPEG2000 in a water-toluene two-phase 
system.[33] 
 
Immobilisation of BAL in cryogel beads formed from polyvinyl alcohol (PVA 1400, 10% 
w/v) and polyethylene glycol (PEG 1000, 10% w/v) is a means to stabilise against 
degradation in two-phase systems.[78] PVA-entrapped BAL can be stored in hexane for one 
week at 4oC and for more than one month at -20oC without any apparent loss of activity.[57] 
The beads can be applied in a continuous fluidised bed reactor.[62] 
 
An alternative system for biocatalysis reactions in non-conventional media is using 
supercritical fluids (SCF) which offer a good alternative since the solvent properties are 
tuneable by changing the pressure and temperature. The use of SCF in biocatalysis reactions 
3. Performance of benzaldehyde lyase in supercritical fluids 
30 
was first investigated in 1985 by Randolph et al. for the hydrolysis of disodium p-nitrophenyl 
phosphate using alkaline phosphatase in supercritical carbon dioxide (SCCO2) at 35oC and 
101 bar and by Hammond, et al. for the oxidation of p-cresol and p-chlorophenol into υ-
benzoquinones with polyphenol oxidase immobilised on glass beads using SCCO2 and 
supercritical fluoroform (SCCHF3).[39, 40] Subsequently, research in biocatalysis reactions in 
SCF or the effect of pressure on the protein was performed. Most of the biocatalysis research 
using SCF and dense gases emphasises the use of SCCO2 and hydrolytic enzymes. [15, 25, 36, 40, 
52] Investigations into other enzymes, such as lyases, have not been performed so far. 
Therefore, in this research, the stability, activity, and selectivity of BAL in SCF, namely 
carbon dioxide (CO2), fluoroform (CHF3), ethane (C2H6), and sulphur hexafluoride (SF6) 
were the target of investigation. 
 
3.2. Materials and methods 
 
3.2.1. Materials 
 
2-Furaldehyde (CAS 98-01-1), (R)-2,2’-furoin ((R)-1,2-di(furan-2-yl)-2-hydroxyketone, CAS 
92921-36-3), and thiamine diphosphate (ThDP, CAS 154-87-0) were obtained in p.a. quality 
from Sigma Aldrich (Steinheim, Germany). 2-Furaldehyde was distilled and stored under an 
argon atmosphere. Furoin was used without further purification. The furoin solution was 
obtained after filtration using a polyamide filter with a pore size of 0.45 µm (Macherey & 
Nagel, Germany). CO2, C2H6, and CHF3 gases were obtained from Westfalen AG (Münster, 
Germany) with 99.9% purity, while SF6 was obtained from Solvay Fluor GmBH (Hannover, 
Germany). 
 
3.2.2. Enzyme preparation 
 
Cells of E. coli SG13009/BALHis containing the overexpressed enzyme were kindly provided 
by Martina Pohl (Institute of Biotechnology 2, Research Centre Jülich, Germany). The cells 
were disrupted and BAL was purified via immobilised metal ion chromatography (Ni-NTA 
column) as described in the literature.[19, 64] Purified BAL was lyophilised and stored at -20oC 
until further use. 
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3.2.3. Activity assay 
 
BAL activity was determined by direct spectrophotometric monitoring of product formation, 
as described in Chapter 2.2.4.[63]. All measurements were carried out in triplicate; the standard 
deviation is given as the error. One unit activity is defined as the amount of enzyme that 
catalyses the formation of one µmol of furoin per min at 30oC and pH 8. Residual activity 
refers to the activity measured after a certain incubation time, and relative activity refers to 
the residual activity relative to the initial activity. 
 
3.2.4. Stability assay 
 
For the investigation of stability, purified BAL was dissolved at four different pH levels, then 
lyophilised. The lyophilisates were then subjected to certain incubation conditions (water 
activity, temperature, and pressure). The treated lyophilisates were dissolved in KPi buffer at 
pH 8 and the residual activity was measured. Several parameters were varied in this research 
(Figure 3.1): the pH of the lyophilisate (6.5, 7, 8, 9), water activity (0.3, 0.6, and 0.9), 
temperature (40oC, 50oC, 60oC), and also the type of SCF (CO2, CHF3, C2H6, SF6). Water 
activities (aw) were varied at 0.3, 0.6, and 0.9 using saturated salt solutions of MgCl2, NaBr, 
and KNO3, respectively.  
 
 
 
Figure 3.1. Schematic illustration of the varied parameters in the performance of benzaldehyde lyase 
in supercritical fluids 
 
The autoclave was equipped with a tray to avoid direct contact with substrates, salt solutions 
or water (Figure 3.2), and was heated prior to pressurisation. After the desired time, the 
pH	  
Temperature	  (oC)	  
aw	  
0.9	  
0.6	  
0.3	  6.5	   7	   8	   9	   40	  
50	   60	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autoclave was depressurised slowly, typically over 15 min. Lyophilisates were dissolved in 
KPi buffer and the residual activity was measured.  
 
 
Figure. 3.2. Schematic of the autoclave (SCF: inlet, V: vent. T: thermocouple, p: manometer, E: 
enzyme preparation, T: tray, S: teflonated magnetic stir bar) 
 
3.2.5. Carboligation of 2-furaldehyde into (R)-2,2’-furoin in supercritical fluids 
 
Reactions were carried out in the same set-up as the incubation (Figure 3.2). 0.02 mmol of 2-
furaldehyde was placed in the autoclave and maintained at 50oC and pressurised at a flow rate 
of 1-3 mL min-1 using an HPLC piston pump equipped with a Peltier cooling system set to 
4°C (Jasco, Germany) at a pressure of 9 MPa. After 2 h, the autoclave was depressurised, 
typically over 15 min. The reaction mixture was dissolved in 1 mL of 2-propanol and 
analysed using supercritical fluid chromatography (SFC). The column used was a Chiralpak® 
IA 250 x 4.6 mm ID (Chiral Technologies Europe) using 90% CO2 and 10% isopropanol as 
the mobile phase at 3 mL min-1, 40oC, 12 MPa, and 268 nm. The yield was calculated as: 
 
Yield(%) =
2 ⋅n
P,t
n
S,0
⋅100                                                                                   Equation 3.1 
where np,t is the moles of product after the reaction and ns,0 is the initial moles of substrate. 
Furthermore, enantiomeric excess (ee) was calculated as: 
 
ee(%) =
R− S
R+ S
⋅100                                                                                        Equation 3.2 
where R is the moles of (R)-2,2’-furoin and S is the moles of (S)-2,2’-furoin. 
3.3. Results and discussion 
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3.3.1. The form of benzaldehyde lyase in the pressurised system 
 
There are two ways in which BAL can be introduced into the system (Figure 3.3): first, using 
a lyophilisate where BAL is directly used without any dissolution and second, using dissolved 
BAL where BAL is dissolved in the KPi buffer at pH 8 before being introduced into the 
system. 100% Relative activity refers to the activity of dissolved BAL without any 
temperature and pressure treatment. 
 
 
Figure 3.3. Effect of the form of benzaldehyde lyase (lyophilisate or dissolved in KPi  buffer) during 
pressurisation at 40oC and 8 MPa SCCO2 for 1 h 
 
The BAL lyophilisate could maintain its activity up to 80% after pressurisation at 40oC using 
8 MPa SCCO2 for 1 h. However, dissolved BAL could not maintain its activity after 
pressurisation. One reason for this could be that dissolved BAL is thermally deactivated at 
40oC (Table 2.1 shows that half-life of BAL at 40oC is 9.52 h). A second possibility is that 
CO2 could react with water to form carbonic acid which results in a decrease in pH to pH 
3;[42] this low pH could cause BAL denaturation. Therefore, the lyophilisate was chosen for 
further applications of SCF in BAL catalysed reactions. 
 
3.3.2. Stability of benzaldehyde lyase in supercritical fluids 
 
Stability assays are normally presented as the half-life and deactivation constant. However, in 
this case, the stability of BAL is represented as the residual activity in U mg-1 after incubation 
with SCF. The half-life of BAL in SCF was not determined as the deactivation kinetics are 
quite difficult to obtain. As reported in the literature, the half-life of BAL in a solid-state 
reaction is 0.8 h[71] and only 0.6 h in SCCO2.[32] 
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The effect of pH on the residual activity of the lyophilisate is depicted in Figures 3.4-3.6. 
Lyophilisates of BAL prepared at different pH levels were used and tested at 40, 50, and 60°C 
using different SCF incubated at water activities (aw) of 0.3 (Figure 3.4), 0.6 (Figure 3.5), and 
0.9 (Figure 3.6). 
 
                    
Figure 3.4. Residual activity in U mg-1 as a function of the lyophilisation pH and the type of 
supercritical fluid (water activity of 0.3, at 8-9 MPa, 1 h,  = 40oC,  = 50oC, and   = 60oC) 
  
0
1
2
3
4
5
6
0
1
2
3
4
5
6
0
1
2
3
4
5
6
0
1
2
3
4
5
6
CO2	  
pH	  6.5	  
pH	  7	  
pH	  8	  
pH	  9	  
CHF3	   C2H6	   SF6	  
3. Performance of benzaldehyde lyase in supercritical fluids 
35 
 
                      
Figure 3.5. Residual activity in U mg-1 as a function of the lyophilisation pH and the type of 
supercritical fluid (water activity of 0.6, at 8-9 MPa, 1 h,  = 40oC,  = 50oC, and   = 60oC) 
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Figure 3.6. Residual activity in U mg-1 as a function of the lyophilisation pH and the type of 
supercritical fluid (water activity of 0.9, at 8-9 MPa, 1 h,  = 40oC,  = 50oC, and   = 60oC) 
 
Interestingly, the pH of the lyophilisate showed the strongest impact, with pH 6.5 providing 
the highest stability. Using the lyophilisate at pH 6.5, the residual activity obtained using CO2 
was similar to that obtained using CHF3. Therefore, the acidification that was expected to 
occur by working with CO2 seemed to have no impact on residual activity.[42, 79] 
 
The acidification effect expected with the use of CO2 was also independent of aw as the 
experiments at 0.6 (Figure 3.5) and 0.9 (Figure 3.6) suggest. The nature of the SCF showed 
comparably little effect on residual activity. It was unclear why the residual activity was about 
20% higher when using SF6 at pH 6.5 than for the other SCF employed. Also, no correlation 
with liquid phase behaviour could be found. However, this is in line with previous findings 
for solid/gas bioreactors.[26]  
 
0
1
2
3
4
5
6
0
0,1
0,2
0
0,1
0,2
0
0,1
0,2
pH	  6.5	  
pH	  7	  
pH	  8	  
pH	  9	  
CO2	   CHF3	   C2H6	   SF6	  
3. Performance of benzaldehyde lyase in supercritical fluids 
37 
The effect of water activity is depicted in Figure 3.7, in which an example is shown for the 
lyophilisate at pH 6.5. The effect of aw shows that residual activity decreased at the highest 
tested aw of 0.9, and was most pronounced at the higher temperatures of 50 and 60°C.[50] 
Again, SF6 was an exception with only little effect with regard to aw and temperature. The 
residual activities for lyophilisate incubated at water activities of 0.3 and 0.6 were relatively 
similar. For the other pH levels of the lyophilisate at water activities of 0.6 (Figure 3.5) and 
0.9 (Figure 3.6), very low residual activity was obtained, which can therefore be neglected.  
 
             
Figure 3.7. Residual activity in U mg-1 as a function of the water activity and the type of supercritical 
fluid (pH 6.5, at 8-9 MPa, 1 h,  = 40oC,  = 50oC, and  = 60oC) 
 
At aw 0 to 0.7, a linear correlation of aw and water amount per mg protein has been 
reported.[26] This means that aw in this range is related to the first hydration layer of BAL. It 
has also been reported that BAL shows the presence of free water at aw around 0.7.[26] This 
report could explain our findings. To have good activity, BAL only needs the first hydration 
layer that is achieved at aw 0.3 and 0.6. The hydration layer is believed to affect the flexibility 
of the structure and could maintain the active structure of the enzyme.[25] However, when free 
water is present at aw 0.9, this could induce structural changes to the enzyme, which make the 
enzyme fully hydrated, thus leading to enzyme agglomeration and deactivation.[15, 55] 
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The effect of temperature is also presented in Figures 3.4-3.7. With increasing temperature, 
the residual activity decreased. This effect could be seen clearly at high pH and high aw. 
Enzymes are more thermo-stable in low water media (low aw) than in aqueous media (high 
aw) due to enhanced rigidity; moreover, the covalent processes which cause inactivation 
require water.[13]  
 
The effect of aw (Figure 3.8 (a)), the effect of temperature (Figure 3.8 (b)), and the effect of 
pressure (Figure 3.8 (c)) were calculated based on the initial activity of BAL. Unlike aw and 
temperature, pressure was found to have no effect or even a slightly positive effect on the 
residual activity. This is in line with the general observation that proteins are only affected by 
pressures at least six-fold higher than are usually applied in SCF biocatalysis.[15, 80] There are 
several reports which have found that pressure can enhance the activity of an enzyme, as 
example recently shown that increased SCCO2 pressure increases the activity of α-amylase by 
29.4%.[81-84] It has been suggested that pressure near the critical region can stimulate 
conformational changes in the enzyme, which then render the active site of the enzyme more 
accessible for catalysis reactions, therefore increasing enzyme activity.[83, 84] 
 
 
          
Figure 3.8. Relative activity in % as a function of incubation temperature (pH 6.5, aw 0.9, at 8-9 MPa 
SCCO2, 1 h, (a) the effect of water activity, (b) the effect of temperature, and (c) the effect of pressure 
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Furthermore, the effect of temperature on BAL activity is more significant than the effect of 
pressure. Temperature clearly caused a decrease in activity, while pressure could maintain or 
even slightly increase the activity. This is in agreement with a recent report by Senyay-Oncel 
and Yesil-Celiktas (2011).[81] 
 
3.3.2. Activity and selectivity of benzaldehyde lyase in supercritical fluids 
 
Further investigations were carried out with the lyophilisate prepared at pH 6.5, 50°C, and 
9 MPa. The resulting density was determined using the NIST online database with CO2 at 
0.285 g mL-1, CHF3 at 0.671 g mL-1, C2H6 at 0.302 g mL-1, and SF6 at 1.322 g mL-1.[49]   
 
Reactions were carried out with SCF as the reaction media. First, no water was added 
resulting in aw ≈ 0. Care was taken that the lyophilisate had no direct contact with the 
substrate or the water added by using a glass insert in the autoclave. The activity was found to 
be low with yields of less than 3% (Figure 3.9 (a)). This was almost independent of the SCF 
employed. More severely, enantioselectivity was found to be almost racemic with the highest 
enantiomeric excess (ee) for CHF3, which was still lower than 50% (Figure 3.9 (b)). A non-
enzyme catalysed reaction was ruled out by control experiments. Apparently, the selectivity 
of BAL was highly affected by the SCF environment.  
 
           
Figure 3.9. Yield and enantiomeric excess (ee) of (R)-2,2’-furoin for different supercritical fluid 
systems at low water activity 
 
The influence of aw was tested by the addition of excess water to the autoclave, resulting in aw 
≈ 1. Here, a slightly higher yield was obtained for CHF3 and C2H6, but this was still lower 
than 6% (Figure 3.10 (a)). A possible explanation for this is that, in the absence of water, SCF 
can strip out the crucial water from the lyophilisate and lead to BAL deactivation. However, 
CO2	   CHF3	   SF6	  C2H6	  
(a)	   (b)	  
CO2	   CHF3	   SF6	  C2H6	  
(a)	  
3. Performance of benzaldehyde lyase in supercritical fluids 
40 
with the addition of water into the substrate, the SCF is saturated with water and therefore 
does not strip away the water from BAL. As a result, the activity of BAL is maintained and 
the yield is higher. Interestingly, selectivity towards (R)-2,2’-furoin was drastically increased 
up to more than 90% for CHF3, C2H6, and SF6 (Figure 3.10 (b)). As described previously, the 
increase in the enantioselectivity of BAL with the addition of water might be related to 
maintaining the active structure of BAL.  
 
          
Figure 3.10. Yield and enantiomeric excess (ee) of (R)-2,2’-furoin for different supercritical fluid 
systems with excess water 
 
3.4. Summary 
 
This research provides the first study on the stability, activity, and selectivity of BAL in SCF. 
The lyophilisate preparation was observed to have more impact on stability than the SCF, 
temperature, or aw. This should be considered for other enzymes utilised in SCF. The activity 
was found to be low and enantioselectivity increased with aw. Thus, the trends for higher 
stability and higher activity/selectivity were contrary. It is noteworthy that the highest stability 
and selectivity could be obtained with non-CO2 based SCF: CHF3, C2H6, and SF6. 
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4. Performance of benzaldehyde lyase in organic solvent 
 
Parts of this chapter have been published or are in the process of submission in: 
Shanmuganathan, S., Natalia, D., van den Wittenboer, A., Kohlmann, C., Greiner, L., 
Dominguez de Maria, P., 2010. Enzyme-Catalyzed C-C Bond Formation using 2-
Methyltetrahydrofuran (2-MTHF) as (Co)solvent: Efficient and Bio-Based Alternative to 
DMSO and MTBE, Green Chemistry, 12, 2240-2245.[70] 
 
Shanmuganathan, S., Natalia, N., Greiner, L., Dominguez de Maria, P., 2012, Oxidation-
Hydroxymethylation-Reduction: A One-Pot Three-Step Biocatalytic Synthesis of Optically 
Active α-Aryl Vicinal Diols, Green Chemistry, 14, 94-97.[85] 
 
Natalia, D., Greiner, L. Ansorge-Schumacher, M.B,. 2012, Alternative Solvent for Polyvinyl 
Alcohol-Entrapped Benzaldehyde Lyase Catalysed Carboligation of 2-Furaldehyde into (R)-
2,2’-Furoin, manuscript in preparation.[86] 
 
4.1. Introduction 
 
BAL catalysed reactions generally work in aqueous systems, although due to the poor 
solubility of substrates in water, a co-solvent such as DMSO, PEG-400,or MTBE must be 
added.[1, 26, 60, 70, 73-75] The addition of a co-solvent can affect the activity and stability of BAL 
and, in the case of DMSO, it can result in some inconvenience concerning downstream 
processing.[74] An alternative method is to use a two-phase system with an aqueous-organic 
solvent. However, BAL is affected by solvent molecules present in the aqueous phase, either 
due to molecular toxicity of the solvent or the aqueous-organic interface (interfacial 
toxicity).[33] Gases and SCFs as the second phase have been used to overcome these 
limitations of working in aqueous systems;[26] however, challenges still remain. Therefore, in 
this study, the use of a new bio-based solvent 2-methyl tetrahydrofuran (2-MTHF) was 
investigated with BAL in one-phase and two-phase systems. 
 
In order to stabilise BAL in an organic solvent, methoxy-polyethylene glycol (mPEG) 
modifications have been reported to be able to reduce molecular and interfacial toxicity. 
However, the overlapping effects of solvent and substrate deactivation have been observed 
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under reactive conditions.[74] Immobilisation, such as by cross-linking, is limited to particular 
biocatalysts due to the structure-defined interaction of the cross-linker and specific amino 
acids; therefore, entrapment of BAL in a gel-stabilised aqueous-organic two-phase system has 
been developed.[57] Polyvinyl alcohol (PVA) with 1400 degrees of polymerisation (10 w/v) 
and polyethylene glycol 1000 (PEG 1000, 10% w/v) were successfully applied to entrap BAL 
for use in an organic solvent. PVA-entrapped BAL exhibits considerable stability towards 
organic solvents.[57]  
 
PVA-entrapped BAL has been used in catalysis reactions using organic solvents. n-Hexane 
has been widely used in PVA-entrapped BAL catalysed reactions as it allows for good 
diffusion of the substrate into the PVA beads. Moreover, n-hexane has low solubility in water, 
which supports its use as a second phase.[87] However, a problem arises with product 
solubility. Extraction of the product from the beads is not feasible with n-hexane, which leads 
to product accumulation in the beads and causes blocking of the beads and deactivation of 
BAL. 
 
Alternative solvents should be able to extract product better than n-hexane and at the same 
time should have a good capability to deliver substrate into the beads. 2-MTHF, cyclopentyl 
methyl ether (cPME), and methyl isobutyl ketone (4-methyl-2-pentanone, MIBK) were three 
solvents used as alternatives in comparison to n-hexane as the standard solvent. 
 
4.2. Materials and methods 
 
4.2.1. Materials 
 
2-Furaldehyde (CAS 98-01-1), (R)-2,2-furoin ((R) 1,2-di(furan-2-yl)-2-hydroxykethone, CAS 
92921-36-3), and thiamine diphosphate (ThDP, CAS 154-87-0) were obtained from Sigma 
Aldrich. 2-Furaldehyde was distilled and stored under an argon atmosphere. Furoin was used 
without further purification. PVA (Mowiol 10-98, degree of polymerisation 1400) was 
obtained from Sigma Aldrich, PEG 1000 (BioChemica) from AppliChem, and silicon oil AK 
10 from Wacker. n-Hexane 95% (HPLC Grade) was obtained from ABCR, cPME 99.9% 
from Alfa-Aesar, 2-MTHF from Sigma Aldrich, and MIBK 99% from Alfa-Aesar. The 
solvent mixture contained a mixture of n-hexane and cPME at a ratio of 1:2. 
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4.2.2. Enzyme preparation 
 
Cells of E. coli SG13009/BALHis containing the overexpressed enzyme were kindly provided 
by Martina Pohl (Institute of Biotechnology 2, Research Centre Jülich, Germany). The cells 
were disrupted and BAL was purified via immobilised metal ion chromatography (Ni-NTA 
column) as described in the literature.[19, 64] Purified BAL was lyophilised and stored at -20oC 
until further use. 
 
PVA 10% w/v was mixed with PEG (10% w/v) in deionised water at 90oC and then cooled to 
room temperature. Sodium hydroxide (NaOH, 30 mg g-1 PVA) was added and stirred for 30 
min. KPi buffer containing BAL and the cofactors MgSO4 and ThDP was added to the 
mixture and the pH was adjusted with HCl to 8.0. The final mixture contained 8.9% (w/v) 
PVA, 50 mmol L-1 buffer, 2.5 mmol L-1 MgSO4, 0.25 mmol L-1 ThDP, and 1.5 U mL-1 BAL. 
About 10 µL of this solution was then dropped slowly into a silicon oil bath (temperature 
below -25oC) and converted to a hydrogel by slowly thawing to room temperature. The PVA 
beads were washed and stored in n-hexane at -20oC.[21, 58] Because of the non-homogeneity of 
the PVA-entrapped BAL, the relative comparison of each solvent was done using the same 
batch preparation of PVA-entrapped BAL. 
 
4.2.3. Analytics 
 
BAL activity was determined by direct spectrophotometric monitoring of product formation 
as described in Chapter 2.2.4.[63]. All measurements were carried out in triplicate; the standard 
deviation is given as the error. One unit activity is defined as the amount of enzyme that 
catalyses the formation of one µmol of furoin per min at 30oC and pH 8. Residual activity 
refers to the activity measured after a certain incubation period and relative activity refers to 
the residual activity relative to the initial activity. 
 
Supercritical fluid chromatography (SFC) was used for quantitative analysis (Jasco, 
Germany). The column used was Chiralpak® IA 250 x 4.6 mm ID (Chiral Technologies 
Europe) using 90% CO2 and 10% isopropanol as the mobile phase at a flow rate of 3 mL min-
1, 40oC, 12 MPa, and detected at a wavelength of 268 nm. 
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4.2.4. Activity and stability of benzaldehyde lyase in the presence of 2-MTHF 
 
For one-phase systems, BAL was dissolved in KPi buffer, 50 mmol L-1, containing 2.5 mmol 
L-1 MgSO4, 0.25 mmol L-1 ThDP, and 5% v/v 2-MTHF. For the two-phase systems, BAL was 
dissolved in KPi buffer, 50 mmol L-1, containing 2.5 mmol L-1 MgSO4, 0.25 mmol L-1ThDP, 
and variable % v/v of 2-MTHF were added. The activity assay was carried out as described 
above. The stability assay was carried out by storing the BAL containing 2-MTHF in a 
thermo shaker (Eppendorf) with 10 and 20% v/v 2-MTHF or in a wall-jacketed vessel with a 
double stirrer[77] at 30oC and 500 rpm at 30 and 50% v/v 2-MTHF. At certain time points, 
aliquots of BAL were withdrawn and the activity assays were performed as described above. 
 
4.2.5. Partitioning of compounds in a two-phase aqueous-organic solvent 
 
0.25 mmol 2-furaldehyde and 7.8 µmol furoin were dissolved separately into the organic 
solvents. 2.5 mL of the compounds in the organic solvent were mixed with 2.5 mL of water 
and equilibrated for 48 h. The concentrations of furoin in the organic solvents were measured 
using SFC. Partitioning (P, no unit) of 2-furaldehyde and furoin were calculated using 
Equation 4.1, where corg∞ is the concentration of the compound in the organic phase after 
equilibration, caq∞ is the concentration of the compound in the aqueous phase after 
equilibration, and corgo is the concentration of the compound in the organic phase before 
equilibration. 
 
 P(−) =
c
org
∞
c
aq
∞
=
c
org
∞
c
org
o
− c
org
∞
                Equation 4.1 
 
4.2.6. Stability assay for PVA-entrapped BAL 
 
One gram of PVA-entrapped BAL was added to 5 mL of the organic solvent. Incubations 
were carried out in a thermo shaker (Eppendorf) at 30oC and 500 rpm. At certain time points, 
50 mg of PVA-entrapped BAL were withdrawn and 200 µL of 2-furaldehyde, 30 mmol L-1 in 
cPME, were reacted for 2 h at 30oC and 500 rpm. Samples were withdrawn from the organic 
phase and quantitatively analysed by SFC. 
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4.2.7. Batch operation for PVA-entrapped BAL 
 
One gram of PVA-entrapped BAL was added to 5 mL of 2-furaldehyde, 30 mmol L-1 in the 
organic solvent. Reactions were carried out in a thermo shaker (Eppendorf) at 30oC and 500 
rpm. Samples were withdrawn from the organic phase and quantitatively analysed by SFC. 
The yield of (R)-2,2’-furoin was calculated based on Equation 4.2: 
 
Yield(%) =
2 ⋅n
P,t
n
S,0
⋅100                 Equation 4.2 
where nPt  is the moles of product ((R)-2,2’-furoin), or the consecutive product furil, at time t, 
and nSo is the initial moles of the substrate 2-furaldehyde.  
 
In addition to the yield, the productivity (Pd) of the system was calculated based on Equation 
4.3, in which mp is the mass of (R)-2,2’-furoin formed during the reaction, UBAL is the activity 
of BAL used in the reaction, and t is duration of the performed reaction. 
 
 Pd(mgPU
−1
h
−1
) =
mP
UBAL ⋅ t
                Equation 4.3 
 
4.2.8. Recycling of PVA-entrapped BAL in batch operation 
 
One gram of PVA-entrapped BAL was added to 5 mL of 2-furaldehyde, 30 mmol L-1 in n-
hexane. Reactions were carried out in a thermo shaker (Eppendorf) at 30oC and 500 rpm for 
1.5 h. The reaction mixture was separated from the PVA-entrapped BAL beads and 
quantitatively analysed by SFC. PVA-entrapped BAL beads were then washed using 2 x 5 mL 
MIBK for 15 min. The washing solutions were analysed by SFC. 
 
4.2.9. Continuous operation for PVA-entrapped BAL 
 
One gram of PVA-entrapped BAL was added to 5 mL of 2-furaldehyde, 5 mmol L-1 in the 
organic solvent. Reactions were carried out in a thermo shaker (Eppendorf) at 30oC and 500 
rpm. 5 mmol L-1 of fresh substrate was fed continuously with a flow rate of 5 mL h-1 (Figure 
4.1). A µ-dosing syringe pump (Type MDSP3f, Micro Mechatronic Technologies) with a 1 
mL syringe (useable volume of 800 µL, Innovative Labor Systeme GmbH, Germany) was 
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used. In the case of longer residence times, the reactor volume was set at 6 mL and the flow 
rate was 2 mL h-1. Samples were withdrawn from the organic phase and quantitatively 
analysed by SFC. 
 
 
Figure 4.1. The scheme for the continuous application of immobilised BAL in an organic solvent 
 
The maximum space-time-yield (STYmax) of the PVA-entrapped BAL catalysed reaction in 
the continuous operation was calculated based on Equation 4.4, where mP is the mass of (R)-
2,2’-furoin formed, V is the volume of the reactor, and τ is the residence time. 
 
 STY (gPL
−1
h
−1
) =
mP
V ⋅τ
                  
Equation 4.4 
Additionally, the total turnover number (TON) was calculated based on Equation 4.5: 
 
 TON(−) =
n
P
n
BAL
⋅0.5
                 Equation 4.5 
where nP is the moles of (R)-2,2’-furoin formed and nBAL is the moles of BAL. 
 
4.3. Results and discussion 
 
4.3.1. 2-MTHF as a co-solvent in BAL catalysed reactions 
 
Biocatalysis reactions in aqueous systems face the problem of low solubility limits for the 
substrate and the product. Therefore, the addition of a co-solvent, such as DMSO, 
isopropanol, or PEG 400 is required. However, the use of a co-solvent can affect the activity 
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and stability of BAL. As previously reported, DMSO is known to increase the activity and 
stability of BAL due to the better solubility of the substrate.[19] As depicted in Figure 4.2, the 
use of 20% v/v DMSO increased the activity of BAL, in which the vmax increased from 13.5 to 
24.3 U mg-1 (Table 4.1). Moreover, the use of isopropanol 20% v/v and PEG 400 15% v/v 
decreased the activity of BAL. 
 
 
Figure 4.2. Kinetic investigation of BAL in pure KPi buffer (♦) and in the presence of several co-
solvents (□ 20% v/v DMSO, ∆ 20% v/v isopropanol, x 15% v/v PEG 400) 
 
Table 4.1. Kinetic constants of BAL in different co-solvents 
 vmax (Umg-1) KM (mmol L-1) 
Buffer 13.5 ± 1.6 12.5 ± 3.8 
20% v/v DMSO 24.3 ± 2.9 46.0 ± 9.7 
20% v/v isopropanol 6.7 ± 1.7 54.0 ± 22.7 
15% v/v PEG 400 15.3 ± 0.8 43.1 ± 4.1 
 
The use of the new alternative co-solvent 2-MTHF for BAL catalysed reactions was also 
investigated for its activity and stability. Interestingly, the activity of BAL in the presence of 
5% v/v 2-MTHF was higher compared to that in buffer only, while the activity in the presence 
of 5% v/v DMSO was lower (Figure 4.3). On the other hand, the affinity of BAL towards the  
substrate (KM) in the presence of 2-MTHF as a co-solvent was lower than in pure buffer and 
in the presence of DMSO (Table 4.2). This could be either due to interactions with the 
enzyme or substrate availability.[88] 
 
In agreement with the literature, BAL stability was enhanced using DMSO as the co-solvent, 
and only 10% loss of activity was observed within 250 h of incubation. Even though DMSO 
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offers excellent stability enhancement, DMSO is not preferred in bio- or chemical- catalysis 
due to problems in downstream processing.[19] 
 
 
Figure 4.3. Kinetic activity of BAL in KPi buffer with different co-solvents (♦ = without co-solvent, ■ 
= with 5% v/v 2-MTHF, ▲ = with 5% v/v DMSO)  
 
Table 4.2. Kinetic constants and stability coefficients for a BAL catalysed reaction in a one-phase 
system  
 vmax (Umg-1) KM (mmol L-1) kdeact (h-1) t½  (h) 
Buffer 8.0 ± 0.3 11.0 ± 0.7 0.0110 63.5 
5% v/v 2-MTHF 10.3 ± 0.3 13.4 ± 0.9 0.0041 170.8 
5% v/v DMSO 7.3 ± 0.2 12.3 ± 0.8 0.0007 948.2 
 
In addition to high activity, BAL also showed slightly better stability in the presence of 5% 
v/v 2-MTHF and with 5% v/v DMSO compared to pure buffer. The half-life of BAL in the 
presence of 5% v/v 2-MTHF was 170.8 h, compared to that in pure buffer, 63.5 h (Table 4.2). 
Therefore, 2-MTHF is a promising co-solvent for BAL catalysed reactions, taking into 
consideration that industrial biocatalysis reactions typically run with reaction times of less 
than 24 h. 
 
Organic synthesis of benzoin derivatives using BAL with the use of 5% v/v 2-MTHF as the 
co-solvent showed high productivity (0.05 mol L-1 benzoin) and high space-time-yield (10 g 
L-1 h-1). 2-MTHF is not only an efficient co-solvent for conducting BAL catalysed reactions, 
but is also a good extractive solvent for work-up. The high enantioselectivity achieved in the 
aqueous system was not affected by the use of 2-MTHF as the co-solvent, as the ee was 
maintained at >99%.[70] Moreover, multi-step biocatalysis reactions of oxidation, ligation, and 
reduction in a one-pot system using 2-MTHF as the co-solvent have been successfully applied 
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to the synthesis of optically active α-aryl vicinal diols.[85] 2-MTHF is a good co-solvent 
medium for several different enzymes such as BAL, alcohol dehydrogenase, glycerol 
dehydrogenase, glucose dehydrogenase, formaldehyde dehydrogenase, alcohol oxidase, and 
catalase.[85] 
 
4.3.2. 2-MTHF as the second phase in BAL catalysed reactions 
 
Two immiscible solvents, as in an organic-aqueous solvent, will form a two-phase system. 
This type of system is beneficial as the enzyme can work in the aqueous phase while the 
organic solvent acts as a reservoir for the substrate and the product and also delivers the 
substrate slowly to the reaction site. At the same time, the organic solvent can extract the 
product out of the reactive phase. In this manner, substrate and product inhibition can be 
avoided. 
 
In order to investigate the possibility of using a two-phase system, the stability of BAL in the 
new alternative solvent 2-MTHF was investigated (Figure 4.4). 2-MTHF is miscible in water 
up to 14%, while water is miscible in 2-MTHF up to 4.4%.[89] In one-phase system with 10% 
v/v 2-MTHF, the half-life was 14 h. As the percent volume of 2-MTHF was increased beyond 
10% v/v, a two-phase system was obtained.  
 
 
Figure 4.4. Stability of BAL in one- and two-phase system (water-2-MTHF) 
 
The stability of BAL in two-phase system water-2-MTHF was very poor, which was less than 
1 h (Table 4.3). Nonetheless, the two-phase system of water-2-MTHF was applied for the 
synthesis of benzoin using continuous dosing of the substrate in 2-MTHF. BAL was added at 
the initial time and after 6 h of the reaction. The productivity obtained was 60 g L-1 in 24 h 
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with ee >99%.[70] Generally, a two-phase water-2-MTHF system is not a good choice for BAL 
because BAL faces severe deactivation. Similar behaviour was observed using different 
organic solvents. The half-life of BAL during storage in a two-phase system, using for 
example MTBE, is 14.9 h (25oC)[33], 3.5 h (20oC),[31] or even higher at lower temperatures at 
815 h (4oC)[34]. The organic solvent could affect BAL through molecular toxicity of the 
solvent itself and also through interfacial toxicity (at the aqueous-organic interphase).[33] 
 
Table 4.3. Stability coefficients for a BAL catalysed reaction in a one- and two-phase system (water-
2-MTHF) 
%v/v 2-MTHF System kdeac (h-1) t½  (h) 
0 One-phase 0.01 ± 0.00 114.04 ± 14.21 
10 One-phase 0.05 ± 0.00 14.37 ± 0.39 
20 Two-phase 1.35 ± 0.07 0.51 ± 0.03 
30 Two-phase 1.05 ± 0.01 0.69 ± 0.09 
50 Two-phase 1.20 ± 0.04 0.58 ± 0.02 
 
4.3.3. Alternative solvents for PVA-entrapped BAL catalysed reactions  
 
4.3.3.1. Solvent selection 
 
PVA-entrapped BAL has been used in catalysis reactions using n-hexane as it allows for good 
diffusion of the substrate into the PVA beads. However, n-hexane is not capable of extracting 
the product out of the beads, which leads to product accumulation in the beads, blocking of 
the beads, and deactivation of BAL.  
 
2-MTHF, cPME, and MIBK are three alternative solvents that were investigated and 
compared with n-hexane (Figure 4.5). Additionally, the solvent mixture of n-hexane and 
cPME was also investigated.  
 
The first solvent, 2-MTHF, is an alternative solvent that can be derived from bio-based 
resources and abiotically degraded in air. It was found that 2-MTHF (5% v/v) was 
successfully used as a co-solvent for a biocatalysis reaction involving C-C bond formation 
using BAL.[70] The second solvent, cPME, is a new solvent that has been commercially 
available since 2005.[89] This solvent has preferable characteristics, e.g. a high boiling point, 
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relative stability under acidic and basic conditions, low peroxide formation, high 
hydrophobicity which makes it easy to dry, and a narrow explosion range.[89] The third 
solvent, MIBK, has the highest boiling point (Table 4.4), is good for practical operations, and 
is known to dissolve furoin better than n-hexane. 
 
             
 
  
            
  
 
Figure 4.5. Chemical structures of the solvents used for the PVA-entrapped BAL catalysed reaction 
 
Table 4.4. Physical properties of the investigated solvents 
Properties n-Hexane2 2-MTHF1 cPME1 MIBK2 
Boiling point (oC) 69 80 106 117 
Flash point (oC) -26 -11 -1 14 
log Pow (-) 3.5* nd 1.59 1.31 
Solubility in water (g/100g) 0.0013a* 14 1.1b 2 
Dielectric constant (-) 1.88* 7c 4.76c 13.11c 
Dipole moment (D) 0* nd 1.27 4.2 
Density (g mL-1) 0.659 0.85 0.86 0.801 
a 20oC, b 23oC, c 25oC 
1[89], 2[MSDS, Sigma Aldrich] 
 
The major problem of using n-hexane as the solvent in PVA-entrapped BAL catalysed 
reactions is the low solubility of the product. Therefore, new alternative solvents should be 
able to dissolve the product better than n-hexane. The limiting solubility of 2-MTHF, cPME, 
and MIBK showed higher (R)-2,2’-furoin concentrations than n-hexane (Figure 4.6), which 
means that they can dissolve more product and at the same time can extract the product more 
effectively out of the aqueous phase than n-hexane. 
 
n-­‐Hexane	  
1
2-­‐Methyl	  tetrahydrofuran	  
2
	  
Cyclopentyl	  methyl	  ether	  (cPME)	   Methyl	  isobutyl	  ketone	  (MIBK)	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Since the solubility problem of (R)-2,2’-furoin can be overcome by using 2-MTHF, cPME, 
and MIBK, the partitioning behaviour of both 2-furaldehyde and (R)-2,2’-furoin in the two-
phase aqueous-organic solvent system needed investigation. 
 
 
Figure 4.6. Limiting solubility of (R)-2,2’-furoin in different solvents 
 
Based upon the limiting solubility, the relative concentration of the compound in the organic 
phase (Figure 4.7) and the partition coefficients (Table 4.5) were calculated. Relative 
concentration refers to the concentration of the compound in the organic phase after 
equilibration relative to the concentration of the compound before equilibration. The relative 
concentrations of 2-furaldehyde and (R)-2,2’-furoin were higher in the other solvents 
compared to n-hexane, which means that those compounds prefer to stay in the organic phase 
using solvents other than n-hexane. Therefore, 2-MTHF, cPME, and MIBK were shown to 
have better capabilities for the extraction of (R)-2,2’-furoin from the aqueous phase. 
 
 
Figure 4.7. Relative concentrations of 2-furaldehyde (■) and (R)-2,2’-furoin (■) in the two-phase 
aqueous-organic system 
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In agreement with the relative concentration, the partition coefficient of 2-furaldehyde in n-
hexane is lower as compared to other solvents (Table 4.5), which means that n-hexane can 
more effectively deliver 2-furaldehyde to the aqueous phase compared to the other solvents. 
Meanwhile, the partition constant of (R)-2,2’-furoin in n-hexane was the lowest, which means 
that n-hexane has less capacity to extract (R)-2,2’-furoin compared to 2-MTHF, cPME, and 
MIBK. Consequently, the low solubility limit of (R)-2,2’-furoin in n-hexane can be overcome 
using 2-MTHF, cPME, and MIBK. 
 
Table 4.5. Partition coefficient (P) of 2-furaldehyde) and (R)-2,2’-furoin in the two-phase aqueous-
organic system 
 P2-Furaldehyde P(R)-2,2’-Furoin 
n-Hexane 0.42 0.03 
2-MTHF 63.26 3.99 
cPME 2.47 5.13 
MIBK 4.15 20.33 
n-Hexane+cPME 1.82 1.88 
 
n-Hexane had the best 2-furaldehyde delivery, while cPME had both good product extraction 
and 2-furaldehyde delivery. Therefore, a mixture of n-hexane and cPME was proposed to 
obtain better (R)-2,2’-furoin extraction capability than n-hexane, but still maintain a good 
ability to deliver 2-furaldehyde. This mixture of n-hexane and cPME was shown to dissolve 
(R)-2,2’-furoin better compared to n-hexane, while its ability to deliver the substrate and to 
extract the product was between the ability of its single components (Figure 4.6-4.7 and Table 
4.5). 
 
4.3.3.2. Stability of PVA-entrapped BAL 
 
Stability in terms of the half-life of BAL is low in pure organic solvents. In water-miscible 
solvents such as acetone, ethanol, isopropyl alcohol, and DMSO, the stability of BAL is less 
than one minute. Meanwhile, the stability of BAL in water-immiscible solvents is only 
slightly higher at 2.2 h in hexadecane, 2.1 h in MTBE, and 12.6 h in petroleum ether.[32]  
 
Aqueous-organic two-phase systems offer advantages in terms of integrated downstream 
processing and shifting of the equilibrium position.[90] However, two-phase systems using an 
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organic solvent as the second phase cause rapid deactivation of BAL.[33] The storage stability 
ranges from 0.2 h in water-toluene up to 14.9 h in water-MTBE, which is in the range of 
aqueous monophasic systems with a half-life of 82 h. The deactivation was slightly reduced 
by covalent modification of BAL from 0.2 h to 0.5 h with mPEG750 and to 3.4 h with 
mPEG2000 in a water-toluene two-phase system.[33] 
 
PVA-entrapped BAL had been shown to maintain its full activity for more than one month 
when stored at -20oC and for one week at 4oC in n-hexane.[58] Meanwhile, the stability in a 
reactive system using n-hexane at 20oC is 103 h. The stabilisation achieved by entrapment of 
BAL can be explained by the absence of shear in the aqueous phase and minimum direct 
contact of the PVA-entrapped BAL with the aqueous-organic interface.[62]  
 
To obtain better stability with PVA-entrapped BAL, the same preparation of PVA-entrapped 
BAL was investigated with different solvents. The stability of PVA-entrapped BAL in cPME 
and MIBK was higher than in n-hexane, while the stability in 2-MTHF was very low, at less 
than 1 h (Figure 4.8). The mixture of n-hexane and cPME resulted in lower stability compared 
to the stability in the single solvents. The two proposed solvents, cPME and MIBK, provided 
better stability compared to n-hexane. 
 
 
Figure 4.8. Stability of PVA-entrapped BAL in different solvents at 30oC represented as the half-life 
 
4.3.3.3. Batch carboligation of 2-furaldehyde into (R)-2,2’-furoin 
 
Batch system were used to investigated the activity of PVA-entrapped BAL in the selected 
solvents. Important to note that there are two consecutive reactions which could occur after 
the carboligation reaction of 2-furaldehyde into (R)-2,2-furoin (Figure 4.9), which are the 
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racemisation reaction to form (S)-2,2-furoin ((S)-1,2-di(furan-2-yl)-2-hydroxyethanone) and 
the oxidation reaction to form furil (di-2-furanylethanedione). The racemisation reaction was 
not observed in this study; however, the oxidation reaction could not be avoided, as the 
working conditions were not inert. 
 
 
 
 
 
 
 
 
 
Figure 4.9. Consecutive reactions following the carboligation of 2-furaldehyde into (R)-2,2’-furoin 
 
To obtain the optimum yield, the amounts of enzyme were varied: 1, 1.5, and 2 g of PVA-
entrapped BAL (Figure 4.10). Doubling the enzyme amount did not result in double the 
enzyme activity, which means that the reaction is influenced by the diffusion of the compound 
into and out of the enzyme active site.[26] 
 
 
Figure 4.10. Yield of (R)-2,2’-furoin in batch operation using different amounts of PVA-entrapped 
BAL (♦ 1 g, □ 1.5 g, ▲ 2 g) 
 
Additionally, an effect of water saturation on the organic solvents was observed (Figure 4.11). 
By saturating the organic solvent with water, the yield was relatively constant, except the 
yield increased for cPME and the mixture of n-hexane and cPME. A dry solvent can strip the 
(S)-­‐2,2’-­‐Furoin	  
(R)-­‐2,2’-­‐Furoin	  2-­‐Furaldehyde	  
2	   BAL	  ThDP,	  Mg2+	  
Furil	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water out of the beads and cause BAL deactivation. Therefore, to avoid water stripping out of 
the beads, further reactions were carried out using solvents saturated with water. 
 
         
Figure 4.11. Yield of (R)-2,2’-furoin in batch operation using different solvents (♦ n-Hexane, □ 2-
MTHF, ▲ cPME, ○ MIBK, x mixture solvent of n-hexane and cPME) (a) without water saturation 
and (b) with water saturation 
 
Using n-hexane as the solvent, the reaction occurred quite quickly, in which the yield of (R)-
2,2’-furoin reached 16% in 2 h. The high yield in the first two hours of the reaction was 
probably due to the high initial activity of PVA-entrapped BAL using n-hexane as the solvent 
(see below). However, after 2 h, the yield was decreased to 6% in 24 h (Figure 4.12). A 
possible explanation for this decrease in yield could be the poor solubility of (R)-2,2’-furoin 
in n-hexane, which was clearly observed by the crystallisation which occurred both in the 
beads and also on the walls of the reactor. At its saturation concentration, (R)-2,2’-furoin 
cannot dissolve any more in n-hexane, such that (R)-2,2’-furoin starts to crystallise and a 
decrease in the concentration of dissolved (R)-2,2’-furoin is observed. 
 
Unlike in n-hexane, reactions carried out in cPME, MIBK, and 2-MTHF did not lead to any 
crystallisation, which means that these solvents have a good solubility power towards (R)-
2,2’-furoin. The maximum yield of (R)-2,2’-furoin after 24 h using cPME, MIBK, and 2-
MTHF reached 21%, 12%, and 7%, respectively, which were higher than with n-hexane. 
PVA-entrapped BAL had the best stability using cPME as the solvent with a better product 
solubility power than n-hexane. However, within a short reaction time, PVA-entrapped BAL 
in n-hexane had the highest activity. Therefore, the yield obtained in a mixture of n-hexane 
and cPME was predicted to be lower than cPME but higher than n-hexane. As expected, the 
yield obtained using a mixture of n-hexane and cPME was 13% after 24 h. 
 
(a)	   (b)	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Figure 4.12. Batch operation for PVA-entrapped BAL catalysed carboligation of 2-furaldehyde into 
(R)-2,2’-furoin using different solvents (♦ (R)-2,2’-furoin, □ furil) 
 
In addition to the main product ((R)-2,2’-furoin), the formation of the consecutive product 
(furil) was also investigated. Using n-hexane as the solvent, the formation of furil was quite 
fast, after 2 h of reaction, which is in agreement with a report by Hischer et al.[21] Using cPME 
as the solvent, furil formation was observed after 48 h of reaction. Since the reaction 
conditions were not inert and samplings were done repeatedly, the oxidation reaction could 
not be avoided using cPME as the solvent. As also expected, furil formation using a mixture 
of n-hexane and cPME was not as fast as using n-hexane, but still faster than using cPME, 
where furil was detected after 24 h. Interestingly, furil was not observed using 2-MTHF and 
MIBK.  
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To get a better understanding of the reaction, the initial activity of the system was calculated. 
As the product was formed quite quickly, the initial activities (initial rates) were determined 
by the increase in product concentration before the steady state or the decrease in product 
concentration, regardless of the percentage yield of the reaction (Figure 4.13 (a)). n-Hexane 
had the highest initial activity, which was about 2.4 times higher compared to the other 
solvents. cPME, MIBK, and the mixture of n-hexane and cPME had a comparably similar 
initial activity, while the initial activity for 2-MTHF was the lowest. The initial activity is 
related to the partition coefficient of 2-furaldehyde in the organic solvent (see Figure 4.7 and 
Table 4.5), which means that when the substrate is delivered quickly to the active site, then 
product formation is also fast. 
 
         
Figure 4.13. (a) Initial activity and (b) productivity of PVA-entrapped BAL using different solvents in 
batch operation 
 
The productivity of the reaction was also calculated and presented in Figure 4.13 (b). Similar 
to the activity, reactions carried out in n-hexane gave the best productivity among the other 
solvents, which was 0.82 mgp U-1 h-1 after 1 h. The results found here are in good agreement 
with a report by Hischer et al., in which the productivity of PVA-entrapped BAL using n-
hexane as the solvent in the synthesis of (R)-2,2’-furoin was 0.3 mgp U-1 h-1.[21] Meanwhile, 
cPME, the mixture of n-hexane and cPME, MIBK, and 2-MTHF provided productivity of 
0.50 mgp U-1 h-1, 0.43 mgp U-1 h-1, 0.36 mgp U-1 h-1, and 0.17 mgp U-1 h-1, respectively.  
 
4.3.3.4. Recycling of PVA-entrapped BAL in batch operation 
 
One advantage of using an immobilised or entrapped enzyme is that it is easy to recover and 
recycle. Therefore, the recycling ability of PVA-entrapped BAL was investigated in a batch 
system using n-hexane as the solvent. Figure 4.14 shows that the concentration of (R)-2,2’-
(a)	   (b)	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furoin in the reaction mixture was very small compared to that in the washing solution. In line 
with the batch operation using n-hexane (Figure 4.12), (R)-2,2’-furoin crystallised in the 
beads and on the walls of the reactor. Therefore, the dissolved (R)-2,2’-furoin was detected in 
small concentrations. By washing with MIBK, which has a better (R)-2,2’-furoin solubility 
power than n-hexane (Figure 4.6-4.7, Table 4.5), the crystals were dissolved in the washing 
solution; therefore a high concentration of (R)-2,2’-furoin was detected.  
 
 
Figure 4.14. The yield of (R)-2,2’-furoin during recycling, (■) yield in the reaction mixture, (■) yield 
in the first washing solution, and (□) yield in the second washing solution 
 
The total yield decreased exponentially with increased recycling. Based on the decrease in 
yield, the deactivation kinetics of PVA-entrapped BAL during recycling was determined at a 
half-life of 1.5 times. Due to the low half-life of PVA-entrapped BAL in batch operation, 
recycling of the enzyme is not promising. However, to gain further information, continuous 
operations were carried out. 
 
4.3.3.5. Continuous carboligation of 2-furaldehyde into (R)-2,2’-furoin 
 
The carboligation reaction of 2-furaldehyde into (R)-2,2’-furoin in 2-MTHF, cPME, MIBK, 
and the solvent mixture was successfully carried out using PVA-entrapped BAL in batch 
operation. The performance of PVA-entrapped BAL in a continuous system was further 
investigated using the same solvents; however, 2-MTHF was not used in the continuous 
operation due to the poor stability of PVA-entrapped BAL in this solvent. 
 
The first parameter to be optimised was the substrate concentration (Figure 4.15). An initial 
concentration of 30 mmol L-1 and 5 mL of 30 mmol L-1 of 2-furaldehyde fed per hour resulted 
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in a low yield. This was possibly due to deactivation by the substrate as also observed in 
dissolved BAL (Figure 2.6). Therefore, a lower substrate concentration of 5 mmol L-1 was 
chosen.  
 
 
Figure 4.15. Effect of 2-furaldehyde concentration (♦ 30 mmol L-1, □ 5 mmol L-1) on the yield of (R)-
2,2’-furoin in continuous operation (500 rpm, 30oC, 5 mL h-1 in MIBK) 
 
The second parameter investigated was the reaction temperature (Figure 4.16). Previous 
results on the characterisation of BAL showed that an increase in temperature increases the 
activity of dissolved BAL (Figure 2.9). As expected, the increase in temperature also resulted 
in an increase in PVA-entrapped BAL activity, which then increased the yield of (R)-2,2’-
furoin.  
 
 
 
 
 
 
 
 
Figure 4.16. Effect of reaction temperature (♦ 30oC, □ 20oC, and ▲ 10oC) on the yield of (R)-2,2’-
furoin in continuous operation (500 rpm, 5 mmol L-1, 5 mL h-1 in MIBK) 
 
The third parameter was the residence time (Figure 4.17). A long residence time (3 h) yielded 
slightly less (R)-2,2’-furoin (20.5%) and higher furil formation, which is not desired 
compared to a 1 h residence time (26.5%). Moreover, the maximum space-time-yield 
(STYmax) obtained using a 1 h residence time was also higher, at 132 mgp L-1 h-1 compared to 
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34.5 mgp L-1 h-1 obtained using a 3 h residence time. In accordance with the batch 
experiments, PVA-entrapped BAL in n-hexane gave the highest initial activity (Figure 4.13); 
therefore, the yield and STYmax were high with a short residence time. After increasing the 
residence time, the yield and STYmax were decreased, as also observed in the batch reaction 
(Figure 4.12). Additionally, the slow flow of the product pumped out of the reactor due to the 
long residence time caused crystallisation of product in the line and clogged the system. 
 
 
Figure 4.17. Effect of residence time: ♦ 3 h (6 mL, 2 mL h-1) and □ 1 h (5 mL, 5 mL h-1) on the yield 
of (R)-2,2’-furoin in continuous operation (500 rpm, 30oC, 5 mmol L-1 2-furaldehyde in n-hexane) 
 
The optimised conditions of 5 mmol L-1 2-furaldehyde, 30oC, and 1 h residence time were 
then used in the continuous system. The reactions were followed by the yield of product ((R)-
2,2’-furoin and furil) formed over time. Figure 4.18 shows that for all the solvents used, the 
yield increased in the first one or two hours of the reaction, then the yield started to decrease 
until finally no (R)-2,2’-furoin was formed. As shown in the stability assay (Figure 4.8), the 
half-life of PVA-entrapped BAL is greater than 11 h for all solvents except 2-MTHF. 
Therefore, the decrease in yield might have been due to deactivation by the substrate. In a 
reactive system, substrate deactivation plays a bigger role than solvent deactivation, which is 
in agreement with findings by van den Wittenboer et al.[33] 
 
The yield of (R)-2,2’-furoin formed using n-hexane reached up to 28% and was the best 
among the other solvents. cPME was the best solvent in terms of batch operation, yielded a 
maximum of only 10.6%, while MIBK did not yield more than 6%. As observed in batch 
operation, the mixture of n-hexane and cPME gave an intermediate yield between n-hexane 
and cPME, which was 19.6%. This shows that the mixture of n-hexane and cPME provides 
good substrate delivery comparable to n-hexane and has good extraction power comparable to 
cPME and is thereby a good compromise between these solvents. 
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Figure 4.18. Continuous operation for PVA-entrapped BAL catalysed carboligation of 2-furaldehyde 
into (R)-2,2’-furoin using different solvents (♦ (R)-2,2’-furoin, □ furil) 
 
Unlike the batch operation, n-hexane as a solvent gave the highest STYmax of 132 mgp L-1 h-1 
and TON of 2002 in continuous operation (Figure 4.19). As described previously, the higher 
yield obtained by n-hexane was due to the high initial activity of PVA-entrapped BAL in n-
hexane (Figure 4.13). 
 
            
Figure 4.19. (a) Maximum space-time yield (STYmax) and (b) turn over number (TON) of the PVA-
entrapped BAL catalysed carboligation of 2-furaldehyde into (R)-2,2’-furoin using different solvents 
in continuous operation 
(a)	   (b)	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As expected, the mixture of n-hexane and cPME gave STYmax and TON values in between 
those of the single components with 102 mgp L-1 h-1 and 1549, respectively. cPME gave 
STYmax of 55 mgp L-1 h-1 and TON of 831, while MIBK gave STYmax of 31 mgp L-1 h-1 and 
TON of 462. 
 
Additionally, the stability of PVA-entrapped BAL in continuous operation showed a similar 
half-life for all the investigated solvents (Figure 4.20). This strengthens our findings that 
solvent deactivation plays a lesser role than substrate deactivation in a reactive system.[33] 
 
  
Figure 4.20. Half-life of PVA-entrapped BAL in continuous operation using different solvents 
 
4.4. Summary 
 
The use of the organic solvent 2-MTHF as a co-solvent increased the activity and stability of 
BAL. However, as the second phase in an aqueous-organic system, 2-MTHF faces severe 
deactivation. Furthermore, some alternative solvents such as 2-MTHF, cPME, MIBK, and a 
mixture of n-hexane and cPME were successfully used with PVA-entrapped BAL. The low 
solubility of (R)-2,2’-furoin could be overcome using new alternative solvents. The use of 
cPME was found to be superior relative to the use of n-hexane as the solvent in batch 
operation. Despite its safety and status as an environmentally preferred solvent, cPME gave 
higher stability and better activity in terms of the yield and long term productivity for the 
carboligation reaction of 2-furaldehyde into (R)-2,2’-furoin using PVA-entrapped BAL. 
Meanwhile, n-hexane gave the highest productivity in batch and continuous operation, but 
only within the first hours of the reaction. Furthermore, a mixture of n-hexane and cPME 
successfully provided a good yield and productivity as a compromise between the single 
solvents in both batch and continuous operation. Additionally, the deactivation of PVA-
entrapped BAL was quite severe in continuous operation and repetitive batch recycling.
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5. Summary and outlook  
 
The use of BAL in the carboligation of 2-furaldehyde into (R)-2,2’-furoin were investigate in 
non-conventional media especially in supercritical fluids and organic solvents. Prior to that, a 
robust and sensitive activity assay based on UV spectrometry was proposed for BAL activity 
assays. The new assay allows for relatively high concentrations of aldehyde, thereby 
minimising experimental error. Furthermore, choosing a wavelength outside the absorption 
maxima minimises interference with the other assay components. BAL was characterised with 
regard to products and substrate inhibition. The reaction conditions, such as temperature, pH, 
ionic strength, and the presence of a co-solvent (organic solvent and ionic liquid) were found 
to affect the activity and stability of BAL.  
 
Lyophilised BAL was used in the operational concept for BAL in supercritical fluids. It is 
demonstrated that lyophilisate preparation has more impact on stability than the type of 
supercritical fluid, temperature, or water activity. This is worth considering for other enzymes 
utilised in supercritical fluids. Activity was found to be low and enantioselectivity increased 
with water activity. Thus, contrasting trends were found for higher stability and higher 
activity/selectivity. Of note, the highest stability and selectivity could be obtained with non-
carbon dioxide based supercritical fluids which are fluoroform, ethane, and sulphur 
hexafluoride. 
 
The application of 5% v/v 2-MTHF as a co-solvent in a BAL catalysed reaction was 
successfully used to increase the activity and stability without affecting the high 
enantioselectivity of dissolved BAL. Due to the low solubility of the substrate and product in 
aqueous media and the limited stability of dissolved BAL in the presence of organic solvents, 
immobilised BAL by entrapment in polyvinyl alcohol beads were used to investigate the 
carboligation of 2-furaldehyde into (R)-2,2’-furoin in some alternative solvents. The 
application of PVA-entrapped BAL using n-hexane as a solvent standard is still limited due to 
the poor solubility of the product in the n-hexane. The alternative solvents investigated such 
as 2-MTHF, cMPE, MIBK, and a mixture of n-hexane and cPME were successfully used and 
the low solubility of (R)-2,2’-furoin could be overcome using these new alternative solvents. 
The use of cPME was found to be superior relative to the use of n-hexane as the solvent in 
batch operation. In addition to its safety and position as an environmentally preferred solvent, 
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cPME provided higher stability and better activity in terms of yield and long-term 
productivity for the carboligation reaction of (R)-2,2’-furoin using PVA-entrapped BAL. 
However, n-hexane gave the highest productivity in both the batch and continuous systems, 
but only within the first hours of the reaction. Furthermore, a mixture of n-hexane and cPME 
effectively provided a good yield and productivity as a compromise between the single 
solvents. Additionally, the deactivation of PVA-entrapped BAL was still high.  
 
BAL has very limited stability despite any treatment made to it. As observed in this study, 
medium and reaction engineering could not significantly enhance the stability of BAL, 
especially in the reactive system. Substrate deactivation seems to play a major role in BAL 
deactivation. Therefore, protein engineering is needed to find a new variant of BAL that has 
higher stability, which focus more on the enhancement of substrate tolerance.  
 
Furthermore, the operational concept using PVA-entrapped BAL is still limited by the 
production of homogeneous beads. Therefore, production of PVA-entrapped BAL needs to be 
optimised to allow homogeneous bead formation. 
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